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ABSTRACT 

A t e m p e r a t u r e  dependent  s t u d y  of t h e  v i b r a t i o n s  

of c r y s t a l  l a t t i c e s  and low- ly ing  e l e c t r o n i c  s t a t e s  has  

been under taken  u s i n g  i n f r a r e d  and Raman l i g h t  s c a t t e r i n g  

t e c h n i q u e s .  The emphasis  has  been p laced  on new m a t e r i a l s  

which have u s e f u l  a p p l i c a t i o n s  such a s  low t e m p e r a t u r e  

f i l t e r s  f o r  long-wave i n f r a r e d  r a d i a t i o n ,  new l a s e r  h o s t -  

c r y s t a l s ,  c r y s t a l s  a s  e l e c t r o - o p t i c  d e v i c e s  and n o n l i n e a r  

e f f e c t s .  The m a t e r i a l s  of  i n t e r e s t  have i n c l u d e d  v a r i o u s  

f e r r o e l e c t r i c s  (and a n t i f e r r o e l e c t r i c s ) ,  p i e z o e l e c t r i c s ,  

a n t i f e r r o r n a g n e t s ,  c e r t a i n  semiconduc to r s  and i n s u l a t o r s .  A 

b a s i c  u n d e r s t a n d i n g  of t h e  l a t t i c e  dynamics and phonon' 

s t r u c t u r e  of  t h e s e  sys tems a r e  u s e f u l  i n  e x p l a i n i n g  t h e i r  

o p t i c a l  p r o p e r t i e s  and p r o v i d e  u s e f u l  d a t a  f o r  p r e d i c t i n g  

g e n e r a l  e n g i n e e r i n g  and r e s e a r c h  a p p l i c a t i o n s .  



TABLE OF CONTENTS -- - 

1. I n t r o d u c t i o n  and O b j e c t i v e s  

2 .  Exper imenta l  F a c i l i t i e s  and Data Ana lys i s  

3 .  Exper imenta l  A c t i v i t i e s  

3 . 1  O p t i c a l  Phonons and Phase T r a n s i t i o n s  i n  TRI 
R .  P .  Lowndes and C .  H.  P e r r y  

3 . 2  The Raman Spectrum of  SbSI 
C .  H .  P e r r y  and D .  K .  Agrawal 

3 . 3  F a r  I n f r a r e d  S t a r k  and Zeeman S p l i t t i n g s  o f  ~ r %  i n  t h e  
Lan than ide  F l u o r i d e s  

J .  F .  P a r r i s h ,  C .  H .  P e r r y  and R .  P .  Lowndes 

3 . 4  A V a r i a b l e  Temperature ( 8 - 4 0 0 ~ ~ )  Gas T r a n s f e r  C e l l  f o r  S o l i d  
S t a t e  Spec t roscopy  

N .  E.  Tornberg and C .  H.  P e r r y  

3 . 5  The I n f l u e n c e  o f  L a t t i c e  Anharmonicity on t h e  L o n g i t u d i n a l  
O p t i c  Modes o f  Cubic I o n i c  S o l i d s  

R .  P .  Lowndes 

3 . 6  S i l i c o n  Monoxide Bands i n  Some Low-Temperature S t a r s  
J. H.  F e r t e l  

3 . 7  The Raman S p e c t r a  o f  t h e  A l k a l i  H a l i d e s  and Some o f  T h e i r  
Mixed C r y s t a l  

J .  H.  F e r t e l  and C .  H.  P e r r y  

3 . 8  E l e c t r i c  F ie ld - Induced  B i r e f r i n g e n c e  i n  Diamond 
E .  A n a s t a s s a k i s  

,4 .  Summary 

Appendix A P e r s o n n e l ,  Re la ted  C o n t r a c t s ,  and Acknowledgments 

Appendix B  P u b l i c a t i o n s  and A c t i v i t i e s  

~ ~ ~ e n d i x  C Suggested D i s t r i b u t i o n  L i s t  



- 1 - , 
b 

E 
1. Introduction and Objectives I 

The Solid State Spectroscopy laboratory has considerable experience 
i 
f 

i 
and expertise in the investigation of the infrared and light scattering proper- 1 

i 
ties of materials. The work has been concentrated on new and prospectively 

useful crystals or ceramics in the areas of ferroelectrics, piezo-electrics, 1 
J 

semiconductors, nonlinear materials, electro-optic materials, laser-hosts, etc. I 
I 

The investigation of the perovskites and the related ilmenites, olivines and 

crystobalites may also be advantageous in the identification of the presence 

of these materials in igneous rocks which have been discovered on the lunar 

surface from the results of the first two Apollo flights. 

However, the objectives of the present program have been the inves- 

tigation of the optical properties and collectively oscillations in materials 

and the change in the properties of these materials under extreme environmental 
t\; .-' 

conditions. I n  this case, temperature has been the main parameter but with the 

high pressure facilities now available it was planned to expand this work in 

this direction together with the study of the dielectric constant at low fre- 

quencies as a function of both temperature and pressure. 

2. Experimental Facilities and Data Analysis 

The instrumentation available is summarized below. 

Infrared equipment 

Perkin-Elmer 301. Double-beam. Spectrophotometer 

- 1 >k 
(Range 2.1-200 micron; 4750-50 cm ) 

Far inirased Michelson Interferometer. FS-520 

- 1 
(Range 15-500 microns; 670-20 cm ) 

.*- 
Far infrared Michelson Interferometer. FS-720- 

(Range 25-2000 microns; 400-5 cm-l) 

2. 

^~~uipment on loan from NASA (ERC). 
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Instruments equipped with thermocouple, Golay and liquid helium 

cooled bolometer detectors 

Spectroscopic Attachments: 

(1) Sample holders for transmission and reflection studies 

0 
over temperature range 1.5-900 K 

0 0 
(2) Variable angle reflectance units, 10 -70 incidence, 

reflection and scattering angles 

(3) High pressure studies, 0-50 Kbars on powders 

(4) Magnetic field dependence, 0-45 Kilogauss 

Light scattering equipment (Rayleigh and Raman) 

Spex 1401 double monochromator with linear wave number drive 

Laser excitation: Spectra-Physics 125. ~ e / ~ e  (6328,i) - 90 m'idatts. 
4- -9- 

Space-Rays Ar ion (48801) 800 mid and 5145A (800 mw) , plus 

additional lines of less power 

Photon counting detection with FW-130 'star-tracker' photo- 

multiplier, shielded 

Facilities for forward, back and right angle scattering geometries 

Temperature measurements: 1.5-900~~. Pressure measurements 

(forward scattering, 0-50 Kbars; right angle, 0-5 Kbafs) 

Other equipment and facilities 

Polishing and cutting equipment 

Metallograph 

Machine shop facilities for fabricating specially designed 

equipment 

X-ray unit (Powder and Laue) 

Evaporation unit 



Prepa ra t ion  room 

0 
D i e l e c t r i c  cons tan t  s t u d i e s  down t o  1 . 5  K 

Computer f a c i l i t i e s  

A CDC 3300 computer and a  PDP-9 computer a r e  a v a i l a b l e  a t  

Nor theas te rn  Un ive r s i t y .  The computers a r e  used t o  perform Four i e r  t r a n s f o r -  

mations t o  o b t a i n  t h e  long-wave i n f r a r e d  s p e c t r a .  Kramers-Rronig ana lyses  

of t h e  r e f l e c t i v i t y  d a t a  a r e  used t o  o b t a i n  c o n d u c t i v i t i e s ,  absorp t ion  coef-  

f i c i e n t s ,  o p t i c a l  cons t an t s ,  n  and k and d i e l e c t r i c  cons t an t s .  C l a s s i c a l  

d i s p e r s i o n  ana lyses  a r e  used t o  o b t a i n  f r e q u e n c i e s  o s c i l l a t o r  s t r e n g t h s  and 

l i f e - t i m e  d a t a  on bo th  i n f r a r e d  and l i g h t  s c a t t e r i n g  s p e c t r a .  
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INTRODUCTION - 

T h a l l o u s  i o d i d e  e x i s t s  i n  two d e f i n i t e l y  w e l l  e s t a b l i s h e d  modi f i ca -  

t i o n s .  Above 4 4 5 O ~  ( a t  .1 b a r )  i t  h a s  t h e  CsCl (Pm3m) s t r u c t u r e  (TRI-I)  

and i s  b r i g h t  r e d  i n  c o l o r .  I n  t h e  low tempera tu re  m o d i f i c a t i o n  (TRI-11) i t  

i s  ye l low and p o s s e s s e s  a  c h a r a c t e r i s t i c  l a y e r  s t r u c t u r e .  TRI-I1  i s  b u i l t  o f  

3- 
s l i c e s  of NaCl s t r u c t u r e  i n  which each  TR has  f i v e  n e a r e s t  I- ne ighbors  a t  

3- 
f i v e  o f  t h e  a p i c e s  o f  a n  oc tahedron .  The ne ighbors  o f  TR a r e  one I- a t  3.36*i,  

f o u r  a t  3 .49a,  t h e n  two a t  3.83K and two a t  3'.87a. X-ray measurements a t  room 

t e m p e r a t u r e  were made by Helmholz( l )  and t h e  s t r u c t u r e  i s  concluded t o  have 

f o u r  molecules  i n  t h e  u n i t  c e l l  and has  t h e  space  group ~ ~ ~ - ~ m c m .  
2h 

The t r a n s i t i o n  between t h e  r e d  ( I )  and ye l low (11) forms i s  s low 

and r e d  c r y s t a l s  can even be o b t a i n e d  f o r  some t ime  a t  room tempera tu re .  The 

low tempera tu re  phase  has  a  un ique  s t r u c t u r e  and from a  chemical  v iewpoin t  i s  +.,..*. 

I 
I of  i n t e r e s t  because  of t h e  l a r g e  p o l a r i z a b i l i t y  of t h e  TR' i o n  and t h e  tendency 

o f  i o d i n e  t o  form c o v a l e n t  bonds.  The C s C l  s t r u c t u r e  with a  c o o r d i n a t i o n  

number o f . 8  normal ly  r e p r e s e n t s  t h e  most s t a b l e  dense  c o n f i g u r a t i o n  bu t  t h e  
1 

d o u b l e  l a y e r e d  or thorhombic  s t r u c t u r e  of TRI (11) h a s  a  c o o r d i n a t i o n  number o f  

7 and i s  l e s s  dense  t h a n  t h e  h i g h  t empera tu re  c u b i c  form. The c u b i c  phase  

, c a n  be  ob ta ined  by a p p l y i n g  h y d r o s t a t i c  p r e s s u r e  t o  t h e  m a t e r i a l  and a  p r e s -  

0 
s u r e  o f  approx imate ly  4 . 8  kbar  and 300 K i s  s u f f i c i e n t  t o  c a u s e  complete  

t r a n s f o r m a t i o n .  (2) 

The unusua l  p r o p e r t i e s  o f  t h e  t h a l l o u s  h a l i d e s  i n  g e n e r a l  make 

t h e  i n v e s t i g a t i o n  o f  t h i s  m a t e r i a l  d e s i r a b l e  i n  o r d e r  t o  c h a r a c t e r i z e  t h e  

r e l a t i o n s h i p s  i n  t h e  s e r i e s .  The d i e l e c t r i c  c o n s t a n t  o f  TRI has  been i n v e s -  

t i g a t e d  by Samara(6) a s  a  f u n c t i o n  of p r e s s u r e ,  and t h e  t o t a l  p o l a r i z a b i l i t y  

p e r  molecule  was found t o  be e f f e c t i v e l y  independent  of c r y s t a l  s t r u c t u r e .  



Consequent ly ,  t h e  change i n  d i e l e c t r i c  c o n s t a n t  can b e  comple te ly  exp la ined  

by t h e  change i n  d e n s i t y .  

The t h e o r i e s  of i n f r a r e d  d i e l e c t r i c  d i s p e r s i o n ,  e f f e c t i v e  c h a r g e s  

and anharmonic e f f e c t s  r e q u i r e  measurements of t h e  d i e l e c t r i c  c o n s t a n t  and 

t h e  l a t t i c e  phonon f r e q u e n c i e s  a s  a  f u n c t i o n  o f  temperature . '  

The i n f r a r e d  a c t i v e  l a t t i c e  v i b r a t i o n  o f  TRI a t  3 0 0 ~ ~  and 4OK have 

been measured by Jones  e t  a l .  ( 7 )  and by Claude1 e t  a l .  a t  room t e m p e r a t u r e .  (8) 

Raman measurements by Brafman e t  a l . ( ' )  a s  a  f u n c t i o n  of p r e s s u r e  have been  

r e p o r t e d  on TRI  i n  t h e  r e g i o n  of t h e  phase  t r a n s i t i o n .  The t r a n s i t i o n  r e g i o n  

a s  a  f u n c t i o n  of p r e s s u r e  o b t a i n e d  from t h e  Raman i n t e n s i t i e s  was s i m i l a r  t o  

t h a t  observed by Samara(6) i n  t h e  d i e l e c t r i c  s t u d i e s .  

I n  t h i s  work we r e p o r t  d e t a i l e d  f a r  i n f r a r e d  and Raman i n v e s t i g a t i o n s  

of a l l  t h e  l a t t i c e  v i b r a t i o n a l  modes a t  k N 0  of TRI over  a  wide t e m p e r a t u r e  w; . - ^  

r a n g e .  These s t u d i e s  i n c l u d e  t h e  I 4 I1 phase  t r a n s i t i o n ,  and t h e  mode 

a c t i v i t i e s  i n  g e n e r a l  a g r e e  w i t h  t h e  group t h e o r e t i c a l  p r e d i c t i o n s  from t h e  

proposed s t r u c t u r e s  i n  each  phase .  

The f a r  i n f r a r e d  s p e c t r o s c o p i c  i n v e s t i g a t i o n s  were recorded  on a  

modif ied R I I C  FS520 Pfichelson i n t e r f e r o m e t e r  ( l o )  used i n  c o n j u n c t i o n  w i t h  

b o t h  a Golay d e t e c t o r  and a  l i q u i d - h e l i u m  cooled Ga-doped germanium bo lomete r .  

Normal i n c i d e n c e  t r a n s m i t t a n c e  s t u d i e s  o f  t h i n  f i l m s  o f  TAT were used t o  

ob ta i ;  d i r e c t l y  t h e  k _N 0 i n f r a r e d  a c t i v e  phonon f r e q u e n c i e s ,  t h e  d i e l e c t r i c  

d i s p e r s i o n  and damping of t h e  s p e c t r a l  p r o f i l e s .  The f i l m s ,  < 1 micron t h i c k ,  

were evapora ted  o n t o  c r y s t a l  q u a r t z  and p o l y e t h y l e n e  s u b s t r a t e s .  Only t h e  

0 c r y s t a l  q u a r t z  s u b s t r a t e s  were used a t  t e m p e r a t u r e s  above 300 K.  The f requency  



of the lattice vibration at room temperature and below for the iilrns on poly- 

ethylene and quartz substrates were in agreement zt the saze temperature within 

the experimental error of the measurements. The films in the TRI-I phase 

could be supercooled to room temperature and only reverted to the yellow form 

when the instrument was returned to atmospheric pressure. 

Reflection measurements were made on the polycrystalline material 

2 grown using Bridgeman techniques. Samples approximately 10 x 10 m were 

0 investigated at an angle of incidence of < 10 and the reflectivities were 

compared with a freshly aluminized mirror. At high temperatures the poly- 

crystalline sample (reflection) and the film on a quartz substrate (trans- 

mission) were attached to a heater block. A variable tenperature Air Products 

Hydrogen Cryotip with appropriate holders was used in the low temperature 

investigations together with a conventional fixed temperature cryostat. Back- *,\*. " 

ground spectra of the quartz substrate and the mirror were taken at the same 

respective temperatures as the samples to obtain the correct transmittance or 

reflectance spectra. The temperature of the samples were again monitored 

with thermocouples. Attempts to measure the far infrared transmittance or 

0 
reflectance at temperatures above 500 K resulted in the films subliming in 

the evacuated interferometer. 

The Raman spectra were recorded on both a Cary model 81 spectrometer 

and a Spex 1400 spectrometer using 6 3 2 8 i  He-Ne excitation. A right angle 

scattering geometry was used for powders (in a melting point tube), single 

crystals and polycrystalline material. 

The detailed studies of the temperature dependence of the Raman 

spectra were achieved using the Cryotip refrigeration unit (300 - 20'~) and 

a gas transfer sample holder (I1) (down to 5'~). High temperatures were 



obtained using a Nichrornc heater element. Copper-cotlstantant thermocouples 

were attached to the sample or holder and used to measure the tempel-ature. 

0 
Control was achieved to approximately +1 K. 

The Raman scattering experiments on the powder and the poly- 

crystalline sample were identical apart from the width of the transition. In 

general, the polycrystalline material was completely transformed into the CsCl 

0 
phase at --. 170 C, but on cooling it returned to the orthorhombic modification 

at 1 2 0 ~ ~ .  The transition of the powder in the melting point tube occurred 

0 
both on heating and cooling within about 10 of the transition temperature of 

170'~ (445O~). 

Single crystals of thallous iodide were obtained by slowly cooling 

a solution of the salt saturated at 1 0 0 ~ ~ .  Needle-like crystals were formed 

and according to Helmholz, X-ray measurements indicated that needles grown in 

this manner were monoclinic and were possibly another modification. However, 

the Raman spectra of these needles were identical with the powder and the 

polycrystalline samples. Polarized studies were fruitless and no identifica- 

tion of the symmetric or the antisymrnetric modes could be obtained. Con- 

siderable birefringence was observed in all the needles under a polarizing 

microscope and twinning occurred about the 'c' axis?? 

Both the infrared reflectance and the Raman results of the poly- 

0 
crystalline material showed that the transition was about 50 wide. The 

infrared transmission results indicate that the transition region consisted 

of a mixture of the two phases. . 



3 .1-6  

EXPER12\ENTAL RESULX 

The Raman s p  a t e r i a l  i s  shown i n  

x bands a r e  c l e a r l y  observed a t  low 

t e m p e r a t u r e s .  nds i n c r e a s e  on ly  s l i g h t l y  a s  t h e  

t e m p e r a t u r e  i s  r a  s i t i e s  of t h e  bands a s  shown i n  

F i g .  2 a r e  s e e  n s i t i o n  r e g i o n  i s  approached From below 

C s C l  phase  is completed.  The 

r e v e r s e  p rocedure  e r e  i s  no obvious  i n d i c a t i o n  

o f  h y s t e r e s i s  i n  rom t h e  t r a n s i t i o n  r e g i o n .  T h i s  i s  

r e s u l t s  of Brafman e t  a l .  (') who observe  

c r i t i c a l  p r e s s u r e  i s  approached and 

4.7  k b a r .  On lower ing  t h e  p r e s s u r e ,  

a d u a l l y  o c c u r s  w i t h  a  s l i g h t l y  l e s s  

d r a m a t i c  r i s e  i n  t h e  i e  Raman s p e c t r a  a t  1 k b a r .  

s n t  i n f l u e n c e s  t h e  Raman i n t e n s i t i e s  

of t h e  sample ( s o l i d ,  n e e d l e ,  powder, 

i d e r a b l e  e f f e c t s  on <he w i d t h  and 

p r e s s u r e  and t empera tu re  domain. 

h e  two t y p e s  of measurement show 

a  v e r y  weak second o r d e r  Raman spec t rum 

- 1 
i s  observed w i t h  a  s m a l l  s i d e  band a t  - 4 0  cm . T h i s  s h o u l d e r  h a s  been 

i n t e r p r e t e d  t o  be probab r LA-TA(x) s i m i l a r  t o  o u r  r e s u l t s  f o r  

t h e  o t h e r  t h a l l o u s  h a 1  t h o s e  o b t a i n e d  by Krausman f o r  TRBr. (13) 

The f requency  dependence w i t h  t e m p e r a t u r e  of t h e  Raman bands and a l s o  t h e  one 

i n f r a r e d  band have been o b t a i n e d .  S e v e r a l  t h i n  f i l m  t r a n s m i s s i o n  d a t a  have 



been p l o t t e d  and i n d i c a t e  t h e  l a r g e  change i n  f requency  of t h e  t r a n s v e r s e  

0 
o p t i c  mode a t  450 I< and t h e  obvious  mix ture  o f  t h e  two phases  i n  t h e  t r a n s i -  

t i o n  r e g i o n  p r e s e n t  i n  a  t h i n  f i l m .  

The i n f r a r e d  r e f l e c t a n c e  d a t a  was ana lyzed  w i t h  a  Kramers-Kronig 

a n a l y s i s  t o  y i e l d  d i e l e c t r i c  f u n c t i o n s  o = sNw and 7 = e N / w  and t y p i c a l  

r e f l e c t a n c e ,  o and 7 c u r v e s  a t  s e l e c t e d  t e m p e r a t u r e s  have been o b t a i n e d .  

Peaks  i n  o and 7 prov ided  v a l u e s  of t h e  t r a n s v e r s e  and l o n g i t u d i n a l  o p t i c a l  

mode f r e q u e n c i e s  r e s p e c t i v e l y  and a  more d e t a i l e d  p l o t s  of t h e  t r a n s v e r s e  and 

l o n g i t u d i n a l  mode f r e q u e n c i e s  and a s s o c i a t e d  damping c o n s t a n t s  y i e l d  t h e i r  

dependence a s  a  f u n c t i o n  of t e m p e r a t u r e .  Supercoo l ing  of t h e  t h i n  f i l m  i n  

t h e  r e d  m o d i f i c a t i o n  can be  s e e n  down t o  room t e m p e r a t u r e .  Below 4 5 0 ' ~  t h e  

s t a b i l i t y  of one phase  o v e r  a n o t h e r  depends on many f a c t o r s  and any form of  

shock o r  d i s t u r b a n c e  immediate ly  r e n d e r s  t h e  or thorhombic  form. 

The Raman r e s u l t s  a t  room tempera tu re  a r e  s i m i l a r  t o  t h o s e  o b t a i n e d  

by Brafman e t  a l .  (') (except  o n l y  f i v e  bands were observed by t h e s e  r e s e a r c h e r s ) .  

The i n f r a r e d  d a t a  a g a i n  a t  room tempera tu re  compares f a v o r a b l y  w i t h  t h a t  

o b t a i n e d  e a r l i e r  by Jones  e t  a l .  (7) on t h i n  f i l m s .  The r e f l e c t a n c e  s p e c t r a  

i n  t h e  low f requency  r e g i o n  by Clande l  e t  a 1 . ( 8 )  i s  s l i g h t l y  d i f f e r e n t  from 

our  r e s u l t s .  

1 
The c r y s t a l  s t r u c t u r e  i n  t h e  c u b i c  phase  i s  CsCl ( 0  Pm3m) w i t h  2F 

h  1 u  

modes, one of which i s  t h e  i n f r a r e d  a c t i v e  l a t t i c e  r e s t s t r a h l e n  mode and t h e  

o t h e r  cor responds  t o  t h e  a c o u s t i c  b ranch .  The Flu undergoes a  f u r t h e r  s p l i t -  

t i n g  d u e . t o  t h e  long  range  Coulomb f o r c e s  a s s o c i a t e d  w i t h  l a t t i c e  i o n i c i t y  

and r e s u l t s  i n  2T0 + 1LO modes where TO and LO r e f e r  r e s p e c t i v e l y  t o  t r a n s v e r s e  



o p t i c  and l o n g i t u d i n a t e  o p t i c  phonons. No f i r s t  o r d e r  Raman s p e c t r a  a r e  

a l lowed and t h e  r e s u l t s  a r e  i n  agreement a s  shown i n  F i g s .  1 - 5 .  

I n  t h e  low tempera tu re  m o d i f i c a t i o n  w i t h  4 molecu les  p e r  u n i t  c e l l ,  

H e h ~ l o l z ( ~ )  proposed t h e  f o l l o w i n g  space  groups:  c::; c:: and D l7 The 
2h '  

f i r s t  two p o s s e s s  no c e n t e r  of i n v e r s i o n  which imply a l l  modes would be  

s i m u l t a n e o u s l y  i n f r a r e d  and Raman a c t i v e .  E x p e r i m e n t a l l y  t h i s  i s  n o t  observed 

and t h e  s p a c e  group D l 7  (Cmcm) p r e d i c t s  t h e  f o l l o w i n g  modes 
2h 

2A3u of  which l A l u  + 1A3u a r e  a c o u s t i c  

modes cor responding  t o  t h e  x ,  y ,  z  c r y s t a l l o g r a p h i c  d i r e c t i o n s .  

The o p t i c a l  phonons i n  t h i s  or thorhombic  form t h a t  a r e  f i r s t  o r d e r  

Raman a c t i v e  have t h e  f o l l o w i n g  p o l a r i z a b i l i t y  t e n s o r s ,  a a s s o c i a t e d  w i t h  

each  o f  t h e  modes. 

The l e a s t  one might expec t  from a  r i g h t  a n g l e  s c a t t e r i n g  geometry w i t h  a  

s u i t a b l y  o r i e n t e d  c r y s t a l  would be t h e  l i k e l i h o o d  o f  d i s t i n g u i s h i n g  between 

t h e  symmetric A and t h e  an t i symmet r ic  B and B modes. However, due t o  
g  2  g 3 g  

- 
o b v i o u s l y  twinned c r y s t a l s ,  t h i s  measurement was n o t  p o s s i b l e  b u t  s i x  modes 

I 
I 
I i n  agreement w i t h  t h e  group t h e o r e t i c a l  p r e d i c t i o n s  were observed ( s e e  

F i g .  1). 

I n  t h e  i n f r a r e d ,  o n l y  one r e l a t i v e l y  narrow l i n e  was observed 

i n s t e a d  o f  t h e  p r e d i c t e d  t h r e e  bands cor responding  t o  t h e  t h r e e  c r y s t a l l o -  

g r a p h i c  d i r e c t i o n s .  It has  been assumed t h a t  t h e  i n f r a r e d  a c t i v e  modes a r e  

e s s e n t i a l l y  d e g e n e r a t e  and anharmonic e f f e c t s  must be  s m a l l e r  t h a n  i t s  h i g h  

t e m p e r a t u r e  form o r  i t s  TRCR and TlBr c o u n t e r p a r t s  a s  t h e  l i n e  w i d t h  i s  q u i t e  

narrow.  A s  f a r  a s  t h i s  i n f r a r e d  a c t i v e  v i b r a t i o n a l  mode i s  concerned t h e  



l a t t i c e  i s  e s s e n t i a l l y  i s o t r o p i c  w i t h  a  c o o r d i n a t i o n  numher of  7 i n s t e a d  of 

8  a s  i n  t h e  CsCl m o d i f i c a t i o n .  

~ a m a r a ' s  d i e l e c t r i c  d a t a ( 6 )  a r e  i n  agreement w i t h  t h i s  r e s u l t  a s  

h i s  powdei?-and ' c r y s t a l '  r e s u l t s  e s s e n t i a l l y  agreed  and no obvious  a n i s o t r o p i e s  

i n  t h e  s t a t i c  d i e l e c t r i c  c o n s t a n t  were  obse rved .  

We would l i k e  t o  t h a n k  P r o f .  Smakula and M r .  K a l n a j a s  of  t h e  

M a t e r i a l s  C e n t e r ,  M . I . T . ,  f o r  t h e  p o l y c r y s t a l l i n e  bou1.e and D r .  Haak, NASA, 

E l e c t r o n i c s  Research C e n t e r ,  Cambridge, f o r  growing t h e  s i n g l e  c r y s t a l  n e e d l e s .  

The a u t h o r s  wish  t o  thank  P r o f .  R .  C .  Lord ,  D i r e c t o r ,  Spec t roscopy  L a b o r a t o r y ,  

M . I . T . ,  f o r  t h e  u s e  of  t h e  Cary model 8 1  Raman s p e c t r o m e t e r .  
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A b s t r a c t  

The p o l a r i z e d  Kainan spec t rum o f  SbSI  h a s  

been s t u d i e d  i n  b o t h  t h e  p a r a e l e c t r i c  and f e r r o -  

e l e c t r i c  p h a s e s .  The f r e q u e n c i e s  and symmetries of  

most of t h e  Raman a c t i v e  p h o n o n s - i n  t h e  p a r a e l e c t r i c  

phase  have been de te rmined .  A s t r o n g l y  t e m p e r a t u r e  

dependent  ' A '  mode has  been obse rved  i n  t h e  f e r r o -  

e l e c t r i c  phase  which comple te ly  a c c o u n t s  f o r  t h e  

t e m p e r a t u r e  dependence of t h e  d i e l e c t r i c  cons tanf  

a l o n g  t h e  f e r r o e l e c t r i c  a x i s .  



I n t r o d u c t i o n  

Antimony s u l p h o - i o d i d e  (SbSI) i s  a  f e r r o e l e c t r i c  m a t e r i a l  w i t h  a  

C u r i e  t empera tu re  (T ) of  abou t  2 8 8 O ~ .  
C 

Above T i t  h a s  a n  o r thorhombic  
C 

16  
s t r u c t u r e  w i t h  t h e  s p a c e  group D (Pnam) w i t h  l a t t i c e  p a r a m e t e r s  a  = 8.52A, 

2h 

b  = 10.13-& and c  = 4 . 0 8 i .  (5-7) The s t a t i c  d i e l e c t r i c  c o n s t a ~ ~ t  f o l l o i i s  C u r i e  

Weiss law b e h a v i o r  (7-10) p a r a l l e l  t o  t h e  ' c '  a x i s  and r i s e s  t o  abou t  5  x 10  
3  

a t  T  . A s h a r p  d e c r e a s e  i s  observed a s  t h e  t e m p e r a t u r e  i s  lowered th rough  
C 

t h e  t r a n s i t i o n  i n t o  t h e  f e r r o e l e c t r i c  phase  
9 

( 7 , 9 )  ( s p a c e  gvoup c~~ (pna?,) > (6)  

Both phases  have f o u r  formula  u n i t s  p e r  u n i t  c e l l .  

SbSI i s  a  pho toconduc to r  w i t h  maximum s e n s i t i v i t y  a t  6300-64001. (2 ,3 ;11)  

Below T  it h a s  been  shown t h a t  w i t h  r e f e r e n c e  t o  t h e  i o d i n e  atoms t h e  Sb and 
C 

S atoms a r e  d i s p l a c e d  a l o n g  t h e  ' c '  a x i s  by 0.20.i and 0.05L, r e s p e c t i v e l y .  (6)  

T h i s  i n d i c a t e s  t h a t  t h e  phase  t r a n s i t i o n  shou ld  be o f  t h e  d i s p l a c i v e  t y p e .  (12) 

I n  t h e  i n t e r p r e t a t i o n  of  t h e  i n f r a r e d  t r a n s m i s s i o n  s t u d i e s  of  SbSI 

powder, B l i n c  e t  a l .  ( I 3 )  s u g g e s t  t h e  a p p l i c a t i o n  of a  s i m p l i f i e d  s t r u c t u r e  

L L 
hav ing  o n l y  two SbSI u n i t s  and t h e  symmetry change C  ( ~ 2 ~ / m )  -. C 2  ( ~ 2 ~ ) .  2h 

I n  t h i s  work p o l a r i z e d  Raman measurements have been made i n  b o t h  p h a s e s .  The 

number and symmetries of  t h e  modes observed a r e  s u b s t a n t i a l l y  i n  agreement 

w i t h  t h e  s i m p l i f i e d  s t r u c t u r e .  I n  t h e  f e r r o e l e c t r i c  phase  a  low f requency  

t e m p e r a t u r e  dependent  mode i s  observed which s h i f t s  towards  t h e  Ray le igh  l i n e  

a s  t h e  t r a n s i t i o n  i s  approached from below. 

Mode Symnuetry 

I n  t h e  s i m p l i f i e d  s t r u c t u r e  t h e  u n i t  c e l l  now h a s  s i x  atoms w i t h  

f i f t e e n  o p t i c a l  modes and t h r e e  a c o u s t i c a l  modes. I n  t h e  p a r a e l e c t r i c  phase  

t h e r e  a r e  n i n e  Raruan a c t i v e  modes, s i x  of  t h e s e  b e l o n g i n g  t o  A and t h r e e  t o  
g  



B i r r e d u c i b l e  r e p r e s e n t a t i o n  of  t h e  p o i n t  symmetry group C, ,  of  t h e  
6 L n 

c r y s t a l .  I n  t h e  f e r r o e l e c t r i c  phase  a l l  t h e  f i f t e e n  modes a r e  Raman a c t i v e ,  

e i g h t  b e l o n g i n g  t o  A and seven  t o  B symrnetry s p e c i e s  of C 
2 ' 

The c o r r e s p o n d i n g  Raman t e n s o r s  a r e  

Experiment 

The m a t e r i a l s  used i n  t h e  p r e s e n t  i n v e s t i g a t i o n s  were t h i n  n e e d l e s  

2 
(abou t  1 mm c r o s s  s e c t i o n ) ;  w i t h  t h e  ' c '  a x i s  b e i n g  t h e  need le  a x i s .  The 

c r y s t a l s  were grown from t h e  vapor  phase  ( I 4 )  and t h e  growth f a c e s  were 

p e r p e n d i c u l a r  t o  t h e  [ l oo ]  and [010] d i r e c t i o n s .  No a t t e m p t  was made t o  

p o s i t i v e l y  i d e n t i f y  t h e  ' a '  and ' b '  a x e s  a s  o n l y  r e l a t i v e l y  minor i n t e n s i t y  

changes were observed b y  i n t e r c h a n g i n g  t h e  d e s i g n a t e d  'x' and ' y '  d i r e c t i o n s .  

The Raman s p e c t r a  were  r e c o r d e d  us i -ng an 80 m-watt. S p e c t r a - P h y s i c s  

Model 125 He-Ne l a s e r ,  Spex doub le  monochromator and p h o t o e l e c t r o n  c o u n t i n g  

d e t e c t i o n .  An o b l i q u e  a n g l e  ' r e f l e c t a n c e '  geometry was used and t h e  

- 1 
r e s o l u t i o n  was normal ly  - 2 cm . Temperature  c o n t r o l  b o t h  above and below 

room t e m p e r a t u r e  was ach ieved  w i t h  a  v a r i a b l e  t e m p e r a t u r e  con t inuous  g a s  

, t r a n s f e r  c r y o s t a t  w i t h  q u a r t z  windows (15) .  The t e m p e r a t u r e  was moni tored by 

a c o p p e r - c o n s t a n t a n  thermocouple  mounted on t h e  s m a l l  b r a c k e t  h o l d i n g  t h e  

c r y s t a l .  

The CY p o l a r i z a b i l i t y  t e n s o r  component x.7a.s measured w i t h  t h e  
ZZ 

c r y s t a l  ' c '  a x i s  a l o n g  t h e  ' 2 '  d i r e c t i o n ,  t h e  i n c i d e n t  l a s e r  beam t r a v e l i n g  

i n  t h e  ' x '  d i r e c t i o n  and t h e  s c a t t e r e d  l i g h t  c o l l e c t e d  i n  t h e  ' y '  d i r e c t i o n .  

Both i n c i d e n t  and s c a t t e r e d  r a d i a t i o n  was p o l a r i z e d  and analyzed r e s p e c t i v e l y  



i n  t h e  z d i r e c t i o n  p r o v i d i n g  a  un ique  measurement of t h e  c/ cornponcnt. The 
Z Z  

Raman s c a t t e r i n g  geometry was e s s e n t i a l l y  ? ( Z Z ) Y  a s  t h e  i n c i d e n t  beam i s  

t r a v e l i n g  approx imate ly  i n  t h e  ? i n  t h e  c r y s t a l  due t o  i t s  h i g h  r e f r a c t i v e  

i n d e x  (- 3  - 5)  ( I 6 )  even  though t h e  l a s e r  beam o u t s i d e  i s  more n e a r l y  a long  

t h e  ' x i  d i r e c t i o n .  S i m i l a r l y  t h e  s p e c t r a  c o r r e s p o n d i n g  t o  t h e  c/ CY 
XX'  xz  

components were de te rmined .  

~ e s u l t s  
. . 

0 
F i g u r e  1 shows t h e  s p e c t r a  i n  t h e  p a r a e l e c t r i c  phase  a t  300 K  f o r  

Y(zz)Y, ?(XX)Y and Y(xz)Y. The ass ignment  of t h e  Raman a c t i v e  phonon 

f r e q u e n c i e s  t o  t h e i r  r e s p e c t i v e  symmetry t y p e s  i s  surrmarized i n  T a b l e  I .  

6 A and 2  B modes a r e  observed i n  c l o s e  agreement w i t h  t h e o r e t i c a l  p r e -  
g  g 

d i c t i o n s .  

The t e m p e r a t u r e  dependen t  Raman spect rum f o r  ? ( Z Z ) Y  i n  t h e  S e r r o -  

e l e c t r i c  phase  i s  shown i n  F i g .  2 .  A marked i n c r e a s e  i n  i n t e n s i t y  i s  

0 
obse rved  on c o o l i n g  f rom T K  t o  - 240 '~ .  F u r t h e r  c o o l i n g  t o  1 0 0 ' ~  r e s u l t s  

C 

i n  a  d e c r e a s e  by abou t  a  f a c t o r  of  2. These  i n t e n s i t y  changes  may b e  due  t o  

t h e  change i n  o p t i c a l  a b s o r p t i o n  edge (E = 1 . 9 5  eV f o r  E/C a t  room temper- 
g 

a t u r e  ( '  3 '11) .  The edge i n c r e a s e s  w i t h  d e c r e a s i n g  t e m p e r a t u r e  a t  a n  a v e r a g e  

- 3 
r a t e  of  ? 1 . 5  x 10  ~ v / ' K .  ( ) Lowering t h e  t e m p e r a t u r e  t h e r e f o r e  r a i s e s  

0 
,E above the  e x c i t i n g  l a s e r  ene rgy  of  1 .96  eV, a t  - 1 8  C .  The s l i g h t  change 

g 

i n  t h e  l a t t i c e  p a r a m e t e r s  a l o n g  t h e  c - a x i s  i n  t h e  f e r r o e l e c t r i c  phase  ( 7 , 9 )  

might cause  t h e  Raman t e n s o r  components t o  be  t e m p e r a t u r e  dependen t .  The 

0 
d e c r k a s e  i n  i n t e n s i t y  from - 240 K lower t empera tu re  may be  accounted f o r  by 

t h e  anomalous d e c r e a s e  i n  t h e  spontaneous  p o l a r i z a t i o n  P a s  observed by 
S 

Pandey ( I 7 )  i n  p o l y c r y s t a l l i n e  SbSI due t o  t h e  f e r r o e l e c t r i c  domain s t r u c t u r e  

a t  low t e m p e r a t u r e s .  



Some O X  t h e  i n r r a r e d  a c t i v e  modes observed by  B l i n c  e t  a l .  (13) 

below T a r e  now Raman a c t i v e  and a r e  observed i n  t l ie  spec t rum a t  253, 1 6 7  and 
C 

- 1 
70 cm . The m a j o r i t y  of l i n e s ,  however, a r e  r e l a t i v e l y  t e m p e r a t u r e  independent  

- 1 
e x c e p t  f o r  t h e  band a t  50 cm a t  1 0 0 ~ ~  ( s e e  F i g .  2 ) ,  which moves t o  lower  

f r e q u e n c y  a s  T  approaches  T from below. The t e m p e r a t u r e  dependence o f  t h i s  
C 

mode i n  t h e  f e r r o e l e c t r i c  phase  i s  shown i n  F i g .  3 .  A p p l i c a t i o n  of  Cochran ' s  

t h e o r y  f o r  d i s p l a c i v e  f e r r o e l e c t r i c s  (18) 1 
(eo(T)0! -j-- ) t o  non-cubic  c r y s t a l s  

w (T) 

can b e  a p p l i e d  t o  t h e  g e n e r a l i z e d  Lyddane-Sachs-Tel ler  r e l a t i o n s h i p  (19) 

where ' A '  r e f e r  t o  t h e  '4' a x i s  i n  t h e  c r y s t a l .  The l o g a r i t h m i c  d i f f e r e n t i a l  

form o f  t h i s  e q u a t i o n  h a s  been  d e r i v e d  by Barker  (20) and a l l o w s  measurements c,~ . . - 

o f  t h e  c o n t r i b u t i o n s  o f  phonons t o  t h e  d i e l e c t r i c  c o n s t a n t  below T  . 
C 

I n  F i g .  4 ,  - a s  a  f u n c t i o n  o f  t e m p e r a t u r e  f o r  T  < T  i s  shown from t h e  e C 
0 

d i e l e c t r i c  d a t a  o f  Masuda e t  a l .  ( 7 )  and Hamano e t  a 1 .  (9) measured a l o n g  t h e  

f e r r o e l e c t r i c  ' c '  a x i s .  

Only t h e  t r a n s v e r s e  mode i n  t h e  ' z '  ( c )  d i r e c t i o n  shown i n  F i g .  3 

- 2 Auk 

h a s  any marked t e m p e r a t u r e  dependence and t h e  q u a n t i t y  d e r i v e d  from 
W 

1 
F i g .  3 i s  a l s o  shown i n  F i g .  4 .  



The agreement of  t h e  two curves  s u g g e s t s  t h a t  t h i s  mode co-np le te ly  accoun t s  

f o r  t h e  t e m p e r a t u r e  dependence of  t h c  d i e l e c t r i c  c o n s t a n t  j n  t h e  f e r r o -  

e l e c t r i c  phase .  

S u m n w -  - 

The symmetr ies  of  t h e  group t h e o r e t i c a l l y  a l lowed modes f o r  t h e  

s i m p l i f i e d  s t r u c t u r e s  proposed by B l i n c  e t  a l .  ( I3 )  a r e  i n  good agreement 

w i t h  t h e s e  Raman s t u d i e s  of  s i n g l e  c r y s t a l s  i n  b o t h  t h e  p a r a e l e c t r i c  and 

f e r r o e l e c t r i c  p h a s e s .  The f requency  dependence of  t h e  t r a n s v e r s e  A mode i n  

F i g .  3 shows a  s o f t e n i - n g  a s  T  -> T  from belovr and i t  completely d e t e r m i n e s  
C 

t h e  t e m p e r a t u r e  dependence of  t h e  s t a t i c  d i e l e c t r i c  c o n s t a n t  a l o n g  t h e  ' c '  

a x i s  i n  t h e  f e r r o e l e c t r i c  phase .  T h i s  mode can b e  a s s o c i a t e d  w i t h  t h e  ' s o f t '  

mode p r e s e n t  i n  t h e  p a r a e l e c t r i c  phase  obse rved  a s  t h e  peak i n  E" by Gr igas  

(21) - 1 0 and Karpus a t  -- 0 . 5  cm a t  308 K and t h e  r e s u l t s  d e n o n s t r a t e  t h a t  SbSI 

i s  a  d i s p l a c i v e  f e r r o e l e c t r i c  s i m i l a r  t o  t h e  p e r o v s k i t e s .  

It i s  u n l i k e l y  t h a t  t h e  ' s o f t '  mode i n  p a r a e l e c t r i c  phase  can be 

observed  d i r e c t l y  i n  t h e  f a r  i n f r a r e d  r e f l e c t a n c e  spect rum b u t  p r e l i m i n a r y  

measurements i n  t h i s  l a b o r a t o r y  i n d i c a t e  t h a t  a n  ex t remely  low f r e q u e n c y  A u 

mode i s  p r e s e n t .  The complete  i n f r a r e d  mode p o l a r i z a t i o n s  and c o r r e s p o n d i n g  

symmetr ies  a r e  b e i n g  ana lyzed  and t h e s e  r e s u l t s  w i l l  be  r e p o r t e d  e l sewhere .  
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T a b l e  I --- 

A s s i g n m e ~ ~ t  of t h e  Raman Act ive  Phonon Modes i n  t h e  P a r a e l e c t r i c  Phase  

Raman A c t i v e  - 1 
Phonon F r e q u e n c i e s  (cm ) 

5 1 

Synune t r y  
S p e c i e s  

Raman 
Tensor  Con~ponents 

CY CY 
XX' zz 

CY CY 
XX' zz 



L i s t  o f  F i g u r e s  ---- 

F i g .  1 

F i g .  2 

F i g .  3 

F i g .  4 

The Raman spec t rum o f  SbSI i n  t h e  p a r a e l e c t r i c  phase  f o r  

?(zz)Y, ?(XX)Y and ?(xz)Y. 

The t e m p e r a t u r e  dependent  Raman spec t rum of SbSI  i n  t h e  

f e r r o e l e c t r i c  phase  f o r  ?(zz)Y. 

The low f requency  t r a n s v e r s e  ' A !  mode p l o t t e d  a s  a  f u n c t i o n  

o f  ( T  - T c /  i n  t h e  f e r r o e l e c t r i c  phase .  

Comparison of t h e  t e m p e r a t u r e  v a r i a t i o n  ( I T  - T ~ I )  i n  t h e  

f e r r o e l e c t r i c  phase  of As/s f o r  SbSI  a l o n g  t h e  ' c '  a x i s  

and t h a t  c a l c u l a t e d  from t h e  d i f f e r e n t i a l  form of t h e  

g e n e r a l i z e d  Lyddane-Sachs-Tel ler  r e l a t i o n s h i p .  
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Abstract  

The f i r s t  exc i t ed  S t a r k  l e v c l  of t h e  E i on  

- 1 
i n  LaF CeF PrF and NdF has been observed near 55 cm . 

3 ' 3 ' 3 3 

Zeeman s p l i t t i n g  r e v e a l s  a t  l e a s t  two magnet ica l ly  d i s -  

3+ t i n g u i s h a b l e  E r  s i t e s  and confirms t h e  e l e c t r o n i c  n a t u r e  

of t h e  t r a n s i t i o n .  



The f i r s t  e x c i t e d  S t a r k  l e v e l  of t h c  4  
'1512 

ground n u l t i p l e t  o f  

34- 11 - 1 
t h e  Er  (4f ) i o n  i n  LaF i s  expected t o  be approx imate ly  52 cm above t h e  

3  

ground l e v e l .  ( I y 2 )  A f a r  i n f r a r e d  a c t i v e  t r a n s i t i o n  between t h e s e  two S t a r k  

l e v e l s  h a s  been observed d i r e c t l y  i n  t h e  p o l a r i z e d  t r a n s m i t t a n c e  s p e c t r a  o f  

o r i e n t e d ,  s i n g l e  c r y s t a l s  of LaF CeF PrF and NdF doped wi th  one mole 
3  ' 3  ' 3  3  

3+ 
p e r  c e n t  Er  . The measurements were o b t a i n e d  on - 1 rnrn. t h i c k  samples coo led  

0 
t o  7 f 2 K u s i n g  a  f a r  i n f r a r e d  Michelson i n t e r f e r o m e t e r  and a  l i q u i d  he l ium 

cooled d e t e c t o r .  A s i n g l e  c r y s t a l  of LaF (1% ~ r ~ ' )  mounted i n  a  l i g h t  p i p e  
3  

0 
and submerged i n  l i q u i d  he l ium a t  1 . 3 3  f 0 .03  K was used f o r  t h e  Zeeman s t u d y .  

The i n f r a r e d  r a d i a t i o n  p ropaga ted  p a r a l l e l  t o  t h e  a p p l i e d  magnet ic  f i e l d  and 

0 
made an  a n g l e  of 45 w i t h  r e s p e c t  t o  t h e  o p t i c  a x i s  o f  t h e  c r y s t a l .  The l i g h t  

p ipe-sample  h o l d e r  geometry p rec luded  any meaningful  p o l a r i z e d  Zeeman s t u d i e s .  

The p o l a r i z e d  t r a n s m i s s i o n  r e s u l t s  a r e  summarized i n  T a b l e  1. The 

3+ 
e x p e r i m e n t a l  measurements i n d i c a t e  t h a t  t h e  Er  t r a n s i t i o n  i s  u n p o l a r i z e d  b u t  

p o s s e s s e s  a  c h a r a c t e r i s t i c  a n i s o t r o p y  such t h a t  t h e  o - p o l a r i z a t i o n  i s  approx-  

i m a t e l y  f i f t y  p e r c e n t  s t r o n g e r  t h a n  t h e  n - p o l a r i z a t i o n .  

The t r a n s i t i o n  could  n o t  be  observed c l e a r l y  i n  t h e  n - p o l a r i z a t i o n  

of PrF3 because  i t  was obscured by t h e  s t r o n g ,  a lmos t  n - p o l a r i z e d  e l e c t r o n i c  

- 1 3+ 
t r a n s i t i o n  a t  66 cm o f  t h e  P r  i o n s  i n  PrF  

3  
(3 '4 ) .  Note t h a t  t h e  f requency  

' of  t h e  ~ r ~ +  t r a n s i t i o n  i n c r e a s e s  by o v e r  10% f o r  a  d e c r e a s e  i n  t h e  l a t t i c e  

- 1 
c o n s t a n t s  o f  abou t  1.5%, whereas t h e  45 cm ~ d ~  t r a n s i t i o n  f requency s h i f t s  

by o n l y  3% i n  t h e  same m a t e r i a l s .  ( 3 )  

I n  a  magnet ic  f i e l d  o f  20 k i l o g a u s s ,  t h e  LaF :IIr3+ a b s o r p t i o n  l i n e  
3 

-1 - 1 
a t  52 cm broadens  i n t o  a  band e x t e n d i n g  from 5 2 . 5  t o  58 .5  cm . With 

i n c r e a s i n g  magnet ic  f i e l d ,  t h i s  broad band s e p a r a t e s  i n t o  s e v e r a l  d i s t i n c t  

l i n e s  a s  shown i n  F i g .  1. S o l i d  l i n e s  connect  peaks  of f o u r  Zeeman 



t r a n s i t i o n s  and two broken l i n e s  i n d i c a t e  poss ib l e  f i f t h  and s i x t h  Zeeman 

t r a n s i t i o n s .  Ind iv idua l  peaks a r e  0 . 1  t o  0.2 a s  s t r o n g  a s  t h e  zero  f i e l d  

l i n e .  

Severa l  Zeeman l e v e l s  can be reso lved  because t h e  g- tensor  of  the  

3+ 
ground s t a t e ,  S t a r k  l e v e l  of E r  i n  LaF i s  s t rong ly  a n i s o t r o p i c .  (5) 

3  

Nevertheless ,  only s i g n i f i c a n t  upper and lower bounds of t h e  g- tensor  can be 

s t a t e d  a s  a  unique assignment would r e q u i r e  measurements i n  a t  l e a s t  t h r e e  

d i f f e r e n t  o r i e n t a t i o n s .  The r e s u l t s  i n d i c a t e  t h a t  t h e r e  a r e  a t  l e a s t  two 

and probably t h r e e  magnet ica l ly  d i s t i n g u i s h a b l e  erbium s i t e s  i n  t h e  t y s o n i t e  

l a t t i c e .  The maximum value  of g  f o r  t he  exc i t ed  S t a r k  l e v e l  i n  t h i s  o r i e n t a -  

t i o n  l i e s  between 1 . 8  and 7.5 f 0 .5  and the  corresponding minimum value  l i e s  

between 1 . 3  and 3 .5  & 0 .5 .  

The f a . c i l i t i e s  of t h e  F ranc i s  B i t t e r  Nat ional  Magnet Laboratory,  

M . I . T . ,  a r e  g r a t e f u l l y  acknowledged. 



Table 1 

13r9 electronic transition in LaF3, CeF3, PrF 3 and NdF 3 ' 

Host lattice 

Frequency (cm-I) 

Peak TI 

absorption 
(cm-1) 5 
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Many i n t e n s i v e  s t u d i e s  t h a t  i n v o l v e  Raman s p e c t r o s c o p y  a s  a n  observa-  

t i o n a l  t o o l  a l s o  r e q u i r e  t h e  c o n t r o l  and v a r i a t i o n  o f  t e m p e r a t u r e .  A coninlon 

spec t rophotomctc r  used i n  such work i s  t h e  Cary model 8 1  w i t h  He-Re l a s e r  

e x c i t a t i o n .  I n  t h a t  i n s t r u m e n t ,  t h e  l a s e r  beam i s  d i r e c t e d  a t  t h e  sample f r o 3  

overhead ,  r e n d e r i n g  t h e  u s e  of u s u a l  devar  d e s i g n  i m p r a c t i c a l  i f  n o t  i ~ n p o s s i b l e .  

Although long term p r e c i s i o n  c o n t r o l  of t h e  t e m p e r a t u r e s  a t t a i n e d  was n o t  deemed 

0 
n e c e s s a r y  i n  t h e  a u t h o r s '  work, i t  was d e s i r e d  t h a t  t h e  e n t i r e  range  from 300 

0 
t o  some.i~hat below 20 K be  a t t a i n a b l e  wi thou t  chang ing  c r i t i  c a l  sample i l l u m i n a -  

t i o n  g e o m e t r i e s .  Also ,  i t  was cons idered  wor thwhi le  t h a t  sample changing be  

q u i c k  and conven ien t  and t h u s  t h a t  t e m p e r a t u r e  c y c l i n g  be  f a i r l y  r a p i d  w i t h i n  

t h e  above  range .  It was f e l t  t h a t  t h e  b e s t  means o f  d e a l i n g  w i t h  t h e s e  r e q u i r e -  

ments and r e s t r i c t i o n s  was th rough  t h e  u s e  o f  a  c e l l ,  which ach ieved  t e m p e r a t u r e  

c o n t r o l  by means of p r e c o o l e d  o r  p r e h e a t e d  g a s  d i r e c t e d  a t  a  m e t a l  b lock  i n  

the rmal  c o n t a c t  w i t h  t h e  s u b s t a n c e  under s t u d y .  The d e s i g n  p r e s e n t e d  h e r e  

r e s u l t e d  from t h e s e  c o n s i d e r a t i o n s .  

- CELL D E S I G N  - 
The c e l l  c o n s i s t s  o f  f o u r  p r i n c i p l e  e l e m e n t s  which a r e  shown i n  

F i g .  1. Element I i s  a modif ied t r a n s f e r  t u b e  w i t h  an  expanded o u t e r  j a c k e t  

a t  t h e  i n t e r f a c e  w i t h  t h e  r e s t  o f  t h e  sys tem t o  which an  "0" r i n g  s e a l  i s  

e f f e c t e d .  About t h i s  expanded s e c t i o n  i s  a  r i n g  w i t h  a  l o n g i t u d i n a l  s l o t  which 

may be  clamped t o  t h e  j a c k e t  by t i g h t e n i n g  a  sc rew t r a v e r s i n g  t h e  s l o t .  T h i s  

r i n g  a c t s  a s  a  s t o p  t o  ho ld  t h e  end of t h e  t r a n s f e r  tube  a  p rede te rmined  d i s -  

t a n c e  from t h e  back o f  t h e  sample b lock .  



Elerncnt I1 c o n s i s t s ,  i n  sequence, of the  above-mentioned "0" r i n g  

s e a l  assembly, r a d i a l  vent ho le s  d i s t r i b u t e d  about i t s  circu21ference t o  
I 

r e l e a s e  spent  coolan t  gas ,  a  s h o r t  s e c t i o n  of tube t o  mate with t h e  "0" r i n g  

s e a l  i n  element 111, and a  concen t r i c  i n n e r  tube which supports the  copper 

sample block.  The o u t e r  t ubu la r  s e c t i o n  s e r v e s  a s  a po r t ion  of t he  o u t e r  

vacuum jacke t  and t h e  copper sample block f e a t u r e s  a $ x 20 threaded ho le  on 

i t s  sample f a c e  t o  accept  t h e  a c t u a l  sample ho lde r .  P a r t  way back from t h e  

sample block a  copper c o l l a r  i s  mounted on the  tube on vzhich a  r a d i a t i o n  . 

s h i e l d  which enc loses  t h e  sample a rea  may be mounted by a  snug f o r c e - f i t .  

E l e c t r i c a l  l e a d s  may be l ed  i n t o  the  sample a r e a  by means of a s l o t  i n  t h e  

c o l l a r .  This  c o l l a r ,  and thus  t h e  s h i e l d ,  a r e  cooled by the  e x i t i n g  c o o l a n t ,  

which a l s o  se rves  t o  cool t he  ou te r  case  of t h e  t r a n s f e r  tube .  Another s l o t t e d  

r i n g  clamp surrounds t h e  o u t e r  concen t r i c  tube t o  e s t a b l i s h  the l o n g i t u d i n a l  

l o c a t i o n  of t h e  sample a rea  wi th in  the  c e l l .  

Element I11 se rves  a s  a  mount f o r  a  pump-out p o r t  and f o r  e l e c t r i c a l  

f e e d t h r o u g h s . i n t o  t h e  sample a r e a .  It a l s o  connects t h e  preceding p o r t i o n s  

of t h e  c e l l  t o  the  t a i l  p o r t i o n  of t he  vacuum j acek t .  Th i s  e l e m e n t . c o n s i s t s ,  

i n  sequence, of t h e  "0" r i n g  s e a l  assembly f o r  element 11, the e l e c t r i c a l  

feedthrough assembly on a  demountable f l a n g e  and oppos i te  t h i s  a pump-out p o r t  

i nc lud ing  a va lve  t o  i s o l a t e  t h e  c e l l ,  and an "0" r i n g  s e a l  assembly t o  j o i n  

' t o  t h e  t a i l  vacuum j acke t .  

ElemenE 1V i s  the  t a i l  s e c t i o n  vacuum j acke t .  This  c o n s i s t s  simply 

of a tube terminated a t  one end wi th  a  r ec t angu la r  block conta in ing  p o r t s ,  

. "0" r i n g  s e a l s ,  an-d mounting p rov i s ion  f o r  windows of quart-z o r  o the r  mate- 

r i a l .  



CELL USE ---- 

Temperatures  up t o  approx imate ly  1 3 0 ~ ~  cou ld  be o b t a i n e d  by 

r e p l a c i n g  t h e  . el-ement I (modif ied t r a n s f e r  tube)  w i t h  a  p o r c e l a i n  t u b e  

around which a  nichrome h e a t e r  was wrapped and th rough  which t h e  gas  was 

p a s s e d .  S i n c e  e l e v a t e d  t e m p e r a t u r e s  could  b e  o b t a i n e d  more e a s i l y  by o t h e r  

means, however, h e a t e d  a i r  ( o r  n i t r o g e n )  was used p r i m a r i l y  t o  warm up a n  

a l r e a d y  co ld  c e l l  i f  c o n d e n s a t i o n  on t h e  sample was t o  be  avo ided .  Cold g a s  

was o b t a i n e d  i n  one o f  two ways. F i r s t ,  n i t r o g e n  was passed  th rough  a  copper  

c o i l  immersed e i t h e r  i n  a  d r y  i c e - a c e t o n e  s o l u t i o n  o r  i n  l i q u i d  n i t r o g e n .  

Second, a n  approx imate ly  1 0  ohm wirewound r e s i s t o r  powered by a  commercial 

25 v ,  5 amp v a r i a b l e  power s u p p l y  was used t o  b o i 1 , l i q u i d  hel ium.  A modif ied 

t i p  on t h e  t r a n s f e r  t u b e  a c c e p t e d  t h e  gas  above t h e  l i q u i d ,  passed  i t  th rough  

a n  o u t e r  t u b e  t o  t h e  t i p ' s  end n e a r  t h e  bottom of  t h e  dewar and hence th rough  

a n  i n n e r  t u b e  t o  t h e  t r a n s f e r  t u b e  p r o p e r .  

A s t a n d a r d  J a n i s  Research Co. f l e x i b l e  t r a n s f e r  t u b e  was used f o r  

t h e  he l ium g a s .  One end was modif ied by b e i n g  s h o r t e n e d  and g i v e n  a n  expanded 

j a c k e t  a s  i n d i c a t e d  above.  The t u b e  used f o r  n i t r o g e n  was merely  t h e  expanded 

j a c k e t  and s h o r t  vacuum-insula ted t i p  s i n c e  t h e  c o l d  t empera tu re  b a t h  was - 

commonly p laced  n e a r  t h e  c e l l  and a  s h o r t  p i e c e  o f  i n s u l a t e d  h o s e  connected 

t h e  copper  c o i l  i n  t h e  b a t h  t o  t h e  c e l l .  

Although t h e  d e s i g n  i n c l u d e d  p r o v i s i o n s  f o r  p a r t i a l  t e m p e r a t u r e  

c o n t r o l  by a d j u s t i n g  t h e  d i s t a n c e  from t h e  t r a n s f e r  t u b e  o u t l e t  t o  t h e  back  

o f  t h e  sample b l o c k ,  i t  was found t h a t  t h i s  d i d  n o t  have a  u s e f u l l y  l a r g e  

e f f e c t  w i t h i n  t h e  range of movement p o s s i b l e  (-J 2%").  Thus,  a l l  t e m p e r a t u r e  

c o n t r o l  was achieved by c o n t r o l l i n g  gas  t e m p e r a t u r e  and f low r a t e .  I n  F i g .  2 

a r e  d a t a  r e p r e s e n t i n g  t h e  a v e r a g e  c o n d i t i o n s  encounte red  i n  a t t e m p t i n g  t o  



mainta in  low temperatures  w i t 1 1  cold helium gas .  Convenient c o n t r o l  coul.cl be 

obtained i n  t he  r eg ion  20'-50°K without  t h e  s h i e l d  and 8'-25OK with i t - .  Within 

0 t h e s e  reg ions  temperature could be s t a b i l i z e d  w i t h i n  &0.2 K f o r  pe r iods  of 

30 minutes o r  more. The l a r g e  copper b lock  damped temperature f l u c t u a t i o n  due 

t o  v a r i a t i o n s  i n  gas flow wi th  an es t imated  time cons tan t  of from 2  t o  5 

minutes ,  depending on temperature.  The r a d i a t i o n  , s h i e l d  mcunting c o l l a r  was 

about 5 314" from the  sample a rea  and a t  lower sample temperatures  t h e  s h i e l d  

operpted a t  from 60 t o  65 '~ .  

A t  h igher  temperatures  t h e  r a d i a t i o n  s h i e l d  s t i l l . h a d  some e f f e c t .  

With i t  i n s t a l l e d  temperatures  from e s s e n t i a l l y  t h a t  of l i q u i d  n i t rogen  could 

be obtained us ing  n i t r o g e n  cooled i n  a  b a t h  of t h e  l i q u i d  gas ;  without  . 

0 
i t ,  requi red  gas flow was t o o  small  f o r  good c o n t r o l  a t  about 120 K .  

0 
Using d r y  ice-ace tone  a s  t h e  coo l ing  b a t h ,  temperatures  from 200 K 

could be obtained by r e g u l a t i n g  gas flow a lone .  

Temperatures above t h e  ind ica t ed  ranges f o r  helium- o r  n i t rogen-  

cooled t r a n s f e r s  could be e a s i l y  a t t a i n e d .  However, t h e  smal l  gas flow 

requ i r ed  rendered c o n t r o l  somewhat u n c e r t a i n  wi th  the  r e s u l t  t h a t  long term 

0 
s t a b i l i z a t i o n  t o  b e t t e r  than  +2 K could not  be obta ined .  I n  t h e  case  of l i q u i d  

n i t r o g e n  cool ing ,  t h i s  could e a s i l y  be circumvented by a  l e s s  e f f i c i e n t  hea t  
7 - 

exchanger i n  t h e  b a t h  o r  a  h e a t e r  on t h e  t r a n s f e r  t ube .  For l i q u i d  helium 

coo l ing ,  a  he.ater could e a s i l y  be mounted i n  t h e  sample a r e a  f o r  dynamic h e a t  

f low balance a t  h ighe r  temperatures .  I n  both c a s e s ,  exac t  temperature c o n t r o l  

was not  requi red  by t h e  au tho r s  i n  t h e  ranges  ind ica t ed  s o  these  modi f ica t ions  

were not  e f f e c t e d .  

I n  gene ra l  u se ,  i t  was found t h a t  temperature cycli-ng could be made 

0 0 q u i t e . r a p i d .  The t r a n s i t i o n  from 300 t o  20 K could be made i n  about 10 minutes ,  

wi th  t h e  warmup us ing  heated a i r  r e q u i r i n g  about t h e  same l eng th  of t ime. 



C o n t r o l l e d ,  slorz. t e m p e r a t u r e  sweeps were a l s o  q u i t e  e a s i l y  accon-  

p l i s h e d  pe rmi t t - ing  d e t a i l e d  examina t ion  of  t h e  e f i e c t s  of phase  t r a n s i t i o n s  

on t h e  s p e c t r a .  

Mechan ica l ly ,  t h e  c e l l  proved q u i t e  conven ien t  t o  u s s .  The t a i l  

j a c k e t  was clamped i n t o  t h e  sample  - i l l u i n i n a t i n g  chamber o f  the  s p e c t r o m e t e r  

by a  s l o t t e d  r i n g  mounted on i t s  c a s e .  The c e l l  i t s e l f  was suppor ted  by a  

p a i r  of  c h a i n  clamps mounted on a n  o p t i c a l  r a i l  a l i g n e d  & i t h  t h e  o p t i c  a x i s  

o f  t h e  Cary s p e c t r o m e t e r .  T h i s  p e r m i t t e d  t h e  c e l l  ( w i t h o u t  t a i l  vacuum 

j a c k e t )  t o  b e  q u i c k l y  e x t r a c t e d  f rom t h e  s p e c t r o m e t e r  by  s l i d i n g  i t s  mounts 

a l o n g  t h e  r a i l .  It would t h e n  be  v e r y  e a s i l y  r e t u r n e d  t o  i t s  p r e v i o u s  con- 

f i g u r a t i o n .  Sample o r i e n t a t i o n  cou ld  b e  accomplished q u i t e  eas i - ly  because  of  

t h e  l o n g i t u d i n a l  and r o t a t i o n a l  d e g r e e s  o f  freedom. Also ,  t h e  t r a n s f e r  t u b e  

p o r t i o n  could  b e  removed w i t h o u t  s i g n i f i c a n t l y  d i s t u r b i n g  t h e  remainder ,  t h u s  

p e r m i t t i n g  o p e r a t i o n  o v e r  t h e  e n t i r e  a t t a i n a b l e  t e m p e r a t u r e  range w i t h o u t  

a t t e n t i o n  t o  o p t i c a l  a l i g n m e n t .  The c e l l  could  e a s i l y  be  c o n f i g u r e d  f o r  v a r i o u s  

sample  i l l u m i n a t i o n  g e o m e t r i e s  by p r o v i d i n g  v a r i o u s  t a i l  j a c k e t s  - r e l a t i v e l y  , 

s m a l l  p i e c e s  t o  make. C o n s i d e r a b l e  f r o s t  could  b u i l d  up abou t  t h e  g a s  v e n t s  

b u t  d i d  n o t  p rove  a  problem.  S t a i n l e s s  s t e e l  was used e x c l u s i v e l y  e x c e p t  f o r  

t h e  copper  p o r t i o n s  w i t h  t h e  r e s u l t  t h a t  t h e  c o l d  p o r t i o n s  o f  t h e  c a s e  were 

q u i t e  l o c a l i z e d  due  t o  t h e  p o o r  h e a t  c o n d u c t i o n .  

FURTHER APPLICATIONS 

The s u c c e s s  o f  t h e  c e l l  a s  s p e c i f i c a l l y  a p p l i e d  t o  s t u d i e s  i n v o l v i n g  

t h e  Cary i n s t r u m e n t ,  a l o n g  w i t h  i t s  s m a l l  s i z e ,  l i g h t  w e i g h t ,  e a s i l y  changed 

geometry ,  and i n s e n s i t i v i t y  t o  o p e r a t i n g  p o s i t i o n ,  s u g g e s t e d  i t s  u s e f u l n n s s  

i n  a  wide  v a r i e t y  o f  a p p l i c a t i o n s .  i t  was e a s i l y  adap ted  f o r  u s e  w i t h  t h e  



Spex doublc monochromatcr t \ r i  t h  l a s e r  e x c i t a t i o n  s i n c c  i t  could ,  with a  mini-mum 

of e x t e r n a l  suppor t ,  be mounted v e r t i c a l l y  on the  l i d  of t h e  sannple i l l u m j n a t o r  

supp l i ed  a s  an op t ion  wi th  t h a t  i n s t rumen t .  I t s  operatio11 i n  t h a t  con f igu ra t ion  

d id  not  vary s i g n i f i c a n t l y  from t h a t  desc r ibed  above. Operated v e r t i c a l l y ,  i t  

could a l s o  be used a s  a  convent ional  dewar f o r  l i q u i d  ni t rogen and warmer b a t h s .  

The hold time f o r  t h e  small  q u a n t i t y  of l i q u i d  n i t rogen  i t  would con ta in  proved . "  

t o  be  approximately 40 minutes ,  g e n e r a l l y  adequate  f o r  spec t roscop ic  work. 

The c e l l ' s  v e r s a t i l . i t y  was extended ' t o  i n f r a r e d  i n v e s t i g a t i o n s  by 

us ing  C s I  and polye thylene  windows, e i t h e r  on t h e  same t a i l  vacuum jacke t  o r  on 

ano the r .  I n  t h i s  con f igu ra t ion  i t  has been used i n  t ransmiss ion  wi th  Perk in  

Elmer models 301 and 521 g r a t i n g  in s t rumen t s ,  and Beckman models FS 720 and 

FS 520 Michelson in t eg fe rome te r s .  With the  l a t t e r  i t  has a l s ~  been used i n  

r e f l e c t i o n , , i t s  qu ick  temperature cyc l ing  a l lowing  rap id  change between the  two, 

s i n c e  m u l t i p l e  t a i l  j a cke t s  can be mounted a t  d i f f e r e n t  l o c a t i o n s  i n  t h e  sample 

chamber. The c e l l  a l s o  has been used s u c c e s s f u l l y  wi th  an evapora tor  a t t a c h -  
. . 

0 
ment f o r  f i r s t  o b t a i n i n g  t h i n  f i l m s  &I s i t u  and then ,  by r o t a t i n g  t h e  c e l l  90 

w i t h i n  t h e  vacuum j a c k e t ,  t ak ing  d i r e c t  i n f r a r e d  t ransmiss ion  measurements. 

Th i s  c e l l  has been employed i n  s e v e r a l  s o l i d  s t a t e  spec t roscop ic  

i n v e s t i g a t i o n s ,  t h e  r e s u l t s  of  which appear elsewhere i n  t h e  l i t e r a t u r e .  (1-4) 
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FIGURE CAPTIONS ------ 

Fig .  1 S impl i f i ed  mechanical drairing of tempera ture-cont ro l  c e l l .  

A . Trans fe r  t ube  out  t o  supply  of r e f r i g e r a n t  gas .  

B Omission of 1 3 /8 "  of m a t e r i a l  

C Omission of 2" of m a t e r i a l  

D Tube ou t  t o  vacuum feedthroughs on demountable f l ange  . , 

E  Tube ou t  t o  va lve  and evacuat ion  l i n e  

F  Omission of 4 2 '  of m a t e r i a l  

Hel ium-or  n i t r o g e n  precooled gas i n  through cen te r  of t r a n s f e r  

tube  

Vacuum space of t r a n s f e r  tube  2 

3 .  Expanded o u t e r  t r a n s f e r  jacke t  

4 Ring clamp t o  l i m i t  l o n g i t u d i n a l  motion 

5 Coolant gas ven t  

6 Clamping nu t  f o r  "0" r i n g  s e a l  ' 

7 "0" r i n g  

8 Shoulder w i th  s l i g h t l y  sma l l e r  i n n e r  diameter  t o  l i m i t  t r a v e l  

of o t h e r  e lements  

9 Evacuable space  

10  Copper r a d i a t i o n - s h i e l d  - mounting c o l l a r  

11 Radia t ion  s h i e l d  

' 1 2  Copper sample block 

1 3  Sample holder  

14  . ~ i n d o w  

F i g .  2 Typ ica l  helium florv r a t e s  v s .  t empera tures  a t t a i n e d ,  wi th  and 

wi thout  r a d i a t i o n  s h i e l d .  
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ABSTRACT 

The determination of the k w 0 longitudinal optic mode frequencies 
i 

and lifetimes from .the dielectric, e(cu),  and inverse dielectric, T(w) ,  reponse 1 
functions of simple cubic solids is discussed. Experimental results of the 

0 0 
temperature dependence, over the range 5 -400 K, of the k ~y 0 LO frequencies 

and lifetimes of eighteen alkali and thallium halides are given, as determined 

from Kramers-Kronig analyses of near normal incidence single crystal reflec- 

tance data and from small grazing angle reflectance data of thin films on 

conducting substrates. In addition, the pressure dependence up to 5 kilobars 

0 
a t  290 K of the LO frequencies of RbI, CsBr and CsI are reported. At 5'~ the 

Lyddane-Sachs.-Teller relation holds within 3~3% for all the salts, and even at 

'290'~ the relation is obeyed within &lo%. The temperature and pressure results 

are used to determine the self-energies and Gruneisen constants for the LO 

modes. At room temperature the measurements reveal that the self-energies can 

either enhance or oppose the temperature dependence of the modes arising from 

thermal expansion. This is interpreted in terms of competing three phonon 

and four phonon decay and scattering processes. 

Note: The pressure work was performed at Queen Mary College, University of 
  on don. 

0 Work supported in part by the Joint Services Electronics Program, Contract 
DA 28-043-AbfC 02536 (E). 
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2. DETERPIINATION OF TKE LO FREQUENCIES AhQ L,IFETIFES 

Al.though t h e  t r a n s v e r s e  n a t u r e  of e lec t romagnet ic  waves p r o h i b i t s  
-. 
. t h e i r  i n t e r a c t i o n  w i t h  l o n g i t u d i n a l  o p t i c  phonons i n  i n f i n i t e  media, Berreman (5) 

L- 
a ' . 

.- h a s  shown f o r  cub ic  sys  tems and Lorrndes e t  a1. (6) have shown f o r  a n i s o t r o p i c  

systems t h a t  i n f r a r e d  abso rp t ion  measurements can, f o r  s u i t a b l e  sample- rad ia t ion  . 

-. geometr ies ,  be used t o  measure t h e  frequency of  k z 0 l d n g i t u d i n a l  o p t i c  phonons ' 

when t h i n  s t r a t a  ( n o n - i n f i n i t e )  samples a r e  used.  We d i s c u s s  now the  s i g n i f i c a n t  

- p r o p e r t i e s  of t h e  d i e l e c t r i c  response func t ions  f o r  cubic  systems by which a  , 

de te rmina t ion  o f '  t h e  k c 0 LO phonon f r equenc ie s  and l i f e t i m e s  i s  achieved from 
1 -- - 

i n f r a r e d  spec t roscop ic  measurements. 
. . -- 

% For cub ic  systems the  t h r e e  p r i n c i p a l  components of t h e  d i e l e c t r i c  

t e n s o r  a r e  degenera te .  I n  t h e  fo l lowing  d i s c u s s i o n  i t  i s  assumed t h a t  t h e  

a p p l i e d  e l ec t romagne t i c  f i e l d s  a r e  sma l l  compared t o  t h e  i n t e r n a l  c r y s t a l  

f i e l d s  and hence we may r e t a i n  on ly  a  l i n e a r  r e l a t i o n  between t h e  d i e l e c t r i c  - .- 

- disp lacement ,  D ,  and the  e l e c t r i c  f i e l d ,  E ,  which may be w r i t t e n  e i t h e r  a s  

D(uJ) = €(w)E (w) (1) 

- where €6) i s  a  frequency dependent complex d i e l e c t r i c  cons tnn t ,  o r  a s  

-- 
E(w) = l((wD(w) - -- (2) . 

. . . - -  . where - - .  
. . . - 

-. - - 1 . - V(w) = - . . 
I- - - ~ ( w )  

- (3) . . 
.A . . f 

. . - The choice  of equa t ion  depends on t h e  type  of v i b r a t i o r ~  under c o n s i d e r a t i o n  

and w i l l  be determined by whether D(w) o r  E(w) d r i v e s  t h e  system. I n  d e a l i n g  

- w i t h . l o n g  wavelength t r a n s v e r s e  o p t i c  waves the  e l e c t r i c  f i e l d  E(w) d r i v e s  t h e  

system and hence t h e  use of t h e  d i e l e c t r i c  response f u n c t i o n ,  ~ ( w ) ,  i n  E q .  (1) 
, ',y. 

i s  t h e  more a p p r o p r i a t e  response f u n c t i o n  i n  t h i s  c a s e .  I n  dea l ing  wi th  long . . o p t i c  
wavelength l o n g i t u d i n a l ~ m o d e s  i t  i s  t h e  d i e l e c t r i c  d i sp lacement ,  D(w), which 

;i . - 
. . - - 

. , . . 
' ,  - . . - . 

- , .  ' - - 
, ' . - . . 

. 
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d r i v e s  t h e  system and the  i n v e r s e  d i e l e c t r i c  response f u n c t i o n ,  v(w) ,  i s  now 

. (7) more a p p r o p r i a t e .  

. . . Both c(w) and q(w) w i l l  i n  gene ra l  be complex and f o r  e(w) and q(w)  
. .  i . * * 

. . . t o  f o l l o w  c a u s a l  behavior  r e q u i r e s  t l l a t  s(w) = - E  (w) and Q(w) = -I) (w), where 
' 

- .  , . 

- t h e  a s t e r i s ' k  i n d i c a t e s  t h e  complex conjugate .  Because o f .  c a u s a l i t y  t he  . , 

(8) and ze ros  of  c(w) and' q(w) w i l l  be  e i t h e r  above t h e  real a x i s  o r  below i t  
- 

depending on which s i g n  convent ion i s  used t o  d e s c r i b e  t ime p e r i o d i c  func t ions ;  . . 
- . .  

. - S i n c e  t h e  d i e l e c t r i c  c o n s t a n t  f o r  t h e  compounds cons idered  he re  i s  a  s c a l a r  
- .  

q u a n t i t y ,  c a u s a l i t y  f u r t h e r  r e q u i r e s  t h a t  t he  po le s  and z e r o s  of E(W) and g(w) 
, :. 

_ .  . 
be symmetr ica l ly  d i s t r i b u t e d  about  t h e  imaginary a x i s  o f  t he  w plane(8)  ( t h i s  

. . -- 

would a l s o  be  t r u e  f o r  a  second-rank t e n s o r  d i e l e c t r i c  response  f u n c t i o n ) .  It 

- i s  c l e a r . t h a t  a  po le  of e(w) and a  ze ro  of q(w) w i l l  o ccu r  whenever a  frequency 
- 

' CJ+ occur s  f o r  which E(%)  = 0  and D ( w  ) # 0  t h a t  i s  f o r  a  t r a n s v e r s e  o p t i c  
T 

frequency;  s i m i l a r l y  a  ze ro  of e(w) and - a  po le  of Q(w) w i l l  occur  f o r  a  f r e -  

. quency % a t  which E(%) # 0 and D ( u i )  = 0 ,  t h a t  i s  a t  a l o n g i t u d i n a l  o p t i c  

f requency.  

' - We a r e  p r i m a r i l y  concerned h e r e  wi th  the  r e sponse  f u n c t i o n  v(w) .  The 
- _- ( 9 )  most g e n e r a l  form f o r  q(w) f o r  a. system of  N o s c i l l a t o r s  may be  w r i t t e n  a s  . 

+- 

- .  N 
_ _  .. . ' e - l(w) = n * (4 )  - :, . 1-1 (w - olpj) (o, - (--lupj 1) . ? . . 

. - 
. -  - - .  

-where w i s  t h e  app l i ed  f i e l d  frequency and w and % r e p r e s e n t ,  r e s p e c t i v e l y ,  z 
t h e  complex f r equenc ie s  of  z e r o ' s  and po le s  i n  v(w);  i s  a  cons t an t  used t o  

c o l i e c t i v e l y  d e s c r i b e  t h e  po le s  and !zero's i n  v(w)  due t o  i n t r i n s i c  e l e c t r o n i c  . 
. . 

- 1 
t r a n s i t i o n s  and i s  def ined  a s  = - , where em i s  the high  frequencf  d i e l e c -  

t r i c  c o n s t a n t .  Because of  the consequences of anharmonic i n t e r a c t i o n s  i n  r e a l  
* .  

c r y s t a l s  t h e  l o c a t i o n s  of t he  t r a n s v e r s e  and l o k i t t u d i n a l  o p t i c  mode f requencies  

and t h e i r  a s s o c i a t e d  damping can be de f ined  i n  a  somewhat a r b i t r a r y  manner and 
. . 

. w e  do s o  h e r e  i n  t h e  fo l lowing  way: 
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- 
fun;t ion of f r e q u e n c y ,  t h e r e f o r e ,  a n  i t e r a t i v e  p rocedure  i n v o l v i n g ,  s a y ,  e i t h e r  

1 
Eqs.  (11) o r  Eqs.  ( 1 2 ) . c a n  be used t o  d e t e r m i n e  r and r I n  t h e  p r e s e n t  work 

, L T ' 

such an  i t e r a t i v e  p r o c e d u r e  i n  many c a s e s  p rov ided  a d j u s t m e n t s  of  l e s s  t h a n  5% I - . \ . . .  
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3 .  EXPERIEENT I 

, . 

The i n f r a r e d  spec t roscop ic  measurements t o  determine the d i s p e r s i o n  
1 

i 
I . - of 7" i n  t h e  r e g i o n  of were recorded p a r t l y  on a n  f 2  s i n g l e  pass  g r a t i n g  
i 
j .. ins t rument  of t h e  Eber t  type  and p a r t l y  wi th  an  R.I.P.C. (London) 520 Four i e r  

i . . 
spectrophotometer  used i n  con junc t ion  wi th  a  l i q u i d  helium cooled Ga doped 

I 

germanium bolometer .  
. . 

The Trequency dependence of was determined f o r  most s a l t s  from a  
1 - 
? - 0 

. .measurement of R (angle  of inc idence  G 80 ) f o r  t h i n  f i lms  evaporated on 
TI 

- ,  -. 
aluminized m i r r o r s .  Many of t h e  compounds were hygroscopic t o  some e x t e n t .  

! _ - .  - - -.- 
i An evapora t ion  gun was t h e r e f o r e  incorpora ted  i n t o  t h e  low temperature c r y o s t a t  
i 
i 

' 1 
- and t h e  t h i n  f i l m s  of t h e s e  more hygroscopic compounds were prepared  -- i n  s i t u  

4 . . 

1 
' 

without  exposing them t o  t h e  atmosphere. For a  few compounds, ~ " ( w )  was a l s o  

1 determined from Kramers-Kronig ana lyses  of  r e f l e c t a n c e  d a t a  taken a t  nea r  
I 
i 
; 
f 

0 normal inc idence  (angle of  i n c i d e n c e  m 7% ) from s i n g l e  c r y s t a l  samples. 

- 
1 High p r e s s u r e  s p e c t r o s c o p i c  s t u d i e s  of % were made us ing  t h e  f a r  

1 

. i n f r a red  p re s su re  bomb shown i n  F ig .  1. The p r e s s u r e  bomb i s  capable  o f  ope ra t -  
1 

I . - ing up t o  10  k i l o b a r s  u s ing  e i t h e r  d r y  n i t r o g e n  o r  argon gas a s  t he  cdmpression 
! 
i 
I 

medium. I n  t h e  p r e s e n t  experiments  t h e  p r e s s u r e  was d e l i v e r e d  t o  t h e  bomb by 
-.-%. 

L -- 
a H a r t s  compressor. The r a d i a t i o n  p o r t s  i n  t h e  bomb were 1 c m  i n  d iameter  and 

-j . .. - cons i s t ed  o f  two 5 cm diameter  c r y s t a l  q u a r t z  b lanks ,  lapped o p t i c a l l y  f l a t  and 
8 . . 

. p a r a l l e l  t o  b e t t e r  than 300 1 with  t h e  m a r t e n s i t i c  s t e e l  window mounts E .  An 
. . 

- , e l l i p t i c a l  specimen ho lde r  D con ta in ing  a  sample p o r t  and a  b lank  r e f e r e n c e  

I 
- p o r t  was manually opera ted  e x t e r n a l l y  t o  t he  bomb by r o t a t i n g  t h e  c o n t r o l  , 

- changer  C ,  thus  p e r m i t t i n g  both .sample and r e f e r e n c e  s p e c t r a  t o  be recorded 

. without  changing the  i n t e r n a l  environmental c o n d i t i o n  of  t h e  bomb. I n % s t u d y i n g  

t h e  p re s su re  dependence of % l a r g e  i n c i d e n t  ang le  t r ansmis s ion  measurements 

. . - < 
. . .  a.4" 

. - , . - ,  . . .  , . 
. . . . 
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' on t'hin f i l m s  on l o s s l e s s  su1;strates were u s e d .  ( ) The u s e  o f  t h e  r a d i a t i o n  



Figure  2 shows the  measured r e f l e c t a n c e  a t  near norinal inc idence  

from bulk  samples of K B r ,  RbI ,  CsI and TlBr a t  d i f f e r e n t  temperatures  and-com- 

' .  p a r e s  t h e  frequency dependence of determined from ~ r a m e r s - ~ r  Lnig ana lyses  ' 
- 

(1  - R*' 
o f  t h i s  r e f l e c t a n c e  d a t a  w i t h  t h e  frequency dependence of 2 determined 

W 
from t h e  small  g raz ing  angle  r e f l e c t a n c e  of t h i n  f i l m s .  Also shown f o r  com- 

. . 
i 

p l e t e n e s s  a r e  t h e  func t ions  WC",  determined from bulk  c r y s t a l  r e f l e c t a n c e  d a t a ,  

and t h e  func t ion  - 1) determined from the  t r ansmi t t ance ,  T ,  of t h i n  f i l m s  on 

. . l o s s l e s s  s u b s t r a t e s  (polys tyrene  o r  mica) f o r  near  no rna l  i n c i d e n t  r a d i a t i o n .  
-- 

The f i g u r e s  r e v e a l  t h a t  t h e  l o c a t i o n  of w determined from the  frequency 
La 

.. p o s i t i o n ' o f  t h e  t u r n i n g  p o i n t  i n  w ' a r e  i n  c l o s e  agreement f o r  the* two methods 

o f  de t e rmina t ion .  I n  a d d i t i o n ,  t he  l i n e  shape, a s  de f ined  by t h e  p r o f i l e s  of 

3: a r e  i n  r ea sonab le  agreement f o r  bo th  Fypes of  measurement. 
' W  

. Table  1 summarizes v a l u e s  of f o r  e igh teen  s a l t s  i n  t he  tempera ture  

0 0 
range  5 -400 K determined from both  types  of exper imenta l  measurement. The 

- 1 
measuring accuracy is  b e t t e r  than  10.5 cm . Where t h e r e  i s  over lap  between 

t h e  two measuring techniques  i t  can be seen  t h a t  t h e r e  i s  o v e r a l l  agreement 

- between the  f r equenc ie s  t o  b e t t e r , t h a n  1%. The s p e c t r a  f o r  s e v e r a l  of t h e  . -- 
compounds showed s t r o n g  s u b s i d i a r y  bands i n  t h e  c l o s e  proximity of t h e  funda- 

- -- - ..mental l o n g i t u d i n a l  o p t i c  modes, a s  i l l u s t r a t e d  i n  F i g .  3 f o r  K B r ,  and t h e  
. . f 

f r equenc ie s  of t h e s e  s u b s i d i a r y  bands a r e  i n d i c a t e d  i n  t h e  t a b l e  by a n  a s t e r i s k .  
- .  

These s i d e  bands a r e  thought t o  be  a s soc i a t ed  wi th  two phonon decay and ' 

s c a t t e r i n g  p roces ses .  

r~ 
Table  2 l i s t s  t h e  observed va lues  of - determined from the  t h i n  f i l m  

' 

(U - - L  
and s i n g l e  c r y s t a l  measurements. For those  s a l t s  where t h e  l i n e  p r o f i l e  c l o s e  

. 
t o . %  con ta ins  a d i s t i n c t  double peak i t  i s  c l e a r  t h a t  t h e  s i m p l i f i e d  a n a l y s i s  

r~ of s e c t i o n  2 t o  o b t a i n  rL does no t  apply .  No va iues  of - have t h e r e f o r e  been 
- U1, 

. . - - 
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i n c l u d e d  i n  T a b l e  2 f o r  such  c a s e s .  Da ta  a r e  n o t  i n c l u d e d  f o r  KT: and RbP a t  

0 
. o t h e r  khan 5 K p a r t l y  because  t h e  w i d t h s  at: h a l f  h e i g h t  were t o o  l a r g e  a t  

2 
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5 .  DISCUSSION 
* 

5.1 The 1,yddane-Sachs-Teller Re la t ion  
a .  

On t h e  b a s i s  of a  s imple  microscopic model of t h e  d i e l e c t r i c  

The assumptions based i n  t h e i r  d e r i v a t i o n  of t h i s  r e l a t i o n  were t h a t  t h e  equa- 
' 

t i o n  o f  rnoTion and p o l a r i z a t i o n  of  t h e  system v a r i e s  l i n e a r l y  a s  t h e  ampli tude 
' 

of the,appl ied f i e l d  and t h a t  t h e  e f f e c t i v e  p o l a r i z i n g  f i e l d  a t  a  l a t t i c e  s i t e  

. .depends on t h e  macroscopic and Loren tz  i n t e r n a l  f i e l d .  The r e l a t i o n  i s  some- . : 

-what more 'genera l  t han  was f i r s t  imp l i ed ,  horiever, and i t  i s  r e a d i l y  shown t h a t  
- . . . . -- 

t h e  r e l a t i o n  fo l lows  from causa l  behavior  provided t h e  st' curve  e x h i b i t s  a  

( I2)  have shown t h a t  t h e  r e l a t i o n  holds  d e l t a  f u n c t i o n  a t  %. Cochran and Conley 

i n  any c r y s t a l l o g r a p h i c  d i r e c t i o n  f o r  c r y s t a l s  o f  any symmetry w i t h i n  t h e  

, -.. a d i a b a t i c ,  e l e c t r o s t a t i c  and harmonic approximation.  The compara t ive ly  few 
- 

nieasurements of  % f o r  any s o l i d s  have prevented any r i g o r o u s  o v e r a l l  a s s e s s -  

ment o f  t h e  LST r e l a t i o n .  Neutron s c a t t e r i n g  measurements have determined w L 

f o r  K B ; , ' ~ ~ )  NaI, ( I3)  ~ 1 : ' ~ )  TlBr ( I5)  and NaCl 
0 

( I6 )  a t  90 K, and some v e r i f i c a -  

-- - 
t i o n s  have been made f o r  p i e z o e l e c t r i c  c r y s t a l s  where t h e  o p t i c  modes a r e  

--- . . - sf multaneously i n f r a r e d  and Raman a c t i v e .  (17) Using t h e  r e c e n t l y  r epo r t ed  
,- :- 

Galues  of ( '?rS €0 
and E_ f o r  t h e  s a l t s  cons idered  here , (2)  v a l u e s  of  have'been 

0 
B a l c u ~ a t e d  f o r  tempera tures  of 5 and 2 9 0 ' ~  and t h e s e  a r e  l i s t e d  i n  Table 1.. 

0 
The r e s u l t s  i n d i c a t e  t h a t  t h e  LST r e l a t i o n  ho lds  t o  b e t t e r  t han -3% a t  5  K and i s  

0 
i n  reasonably  good agreement even a t . 2 9 0  K a l though d i s c r e p a n c i e s  o f  a s  much a s  

10% were noted i n  some cases .  The deg ree  of agreement a t  low tempera tures  i s  
a&.. 

encouraging and provides  some suppor t  f o r  t h e  use  of  t h e  harmonic approximation 

i n  l a t t i c e  dynamical c a l c u l a t i o n s  f o r  t h e s e  s a l t s  a t  t empera tu re s  c l o s e  t o  

OOK. (18,191 s . 3  
. . 

. . 
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5.2 The One-Phonon Longi tudina l  Optic  Gruneisen P a r a n e t e r s  

The temperature dependence of each phonon frequency i n  t h e  B r i l l o u i n  

- - zone stems from t h e  anharmonic terms i n  t h e  l a t t i c e  p o t e n t i a l  energy i n  two 
1 

- s e p a r a t e  ways. F i r s t l y ,  due t o  t he  thermal expansion of t he  c r y s t a l ,  t h e  
. 

1 

. . 
i n t e r - i o n i c  f o r c e  cons t an t s  a r e  temperature dependent,  thus  c r e a t i n g  a  quas i -  

1 

harmonic s h i f t  o f  each phonon frequency a s  t h e  temperature ( i . e . ,  volume) 
\ 

changes. Secondly, l a t t i c e  anharmonici ty  al lows i n t e r a c t i o n s  between phonons 

of  d i f f e r e n t  modes and t h e s e  i n t e r a c t i o n s  w i l l  change t h e  phonon ene rg i e s  and 

g ive  them a  f i n i t e  l i f e t i m e .  S ince  ' the p r o b a b i l i t y  of such i n t e r a c t i o n s  
. --  

. - . occur r ing  depends on the  phonon occupat ion  bumbe;, i t  i s  c l e a r  t h a t  bo th  t h e  

: phonon frequency and l i f e t i m e  w i l l  have a  tempera ture  dependence which w i l l  

take p l a c e  even under c o n s t a n t  volume. 

- .  
We cons ide r  f i r s t  t h e  v a r i a t i o n s  of % w i t h  volume. Within t h e  

l i m i t s  of a quasiharmonic o s c i l l a t o r  model, t h e  volume dependence of t h e  
-- 

k w 8 l o n g i t u d i n a l  o p t i c  mode frequency i s  desc r ibed  by 

a l n t  

YL 
= -  - 

L i n v  I . . a 3 1  
. - \  

, . T 
. * 

-- -- -- 'where y is  t h e  c h a r a c t e r i s t i c  Gruneisen parameter  f o r  t h e  LO mode. The 
. L 

. Gruneisen parameter  can be convenient ly  determined expe r imen ta l ly  from the  
. - -- 

- - r e l a t i o n  
. . . . ? .  

(14) 

- 
prov id ing  t h e  c o m p r e s s i b i l i t y ,  fl, and t h e  p r e s s u r e  c o e f f i c i e n t  under c o n s t a n t  

tempera ture  of w , aye known. Using t h e  measured p r e s s u r e  dependence 

T. 

of Ujr r epo r t ed  h e r e ,  t he  Gruneisen parameters  f o r  t h e  k z 0 LO modes of  RbP, 
. J-J. 

C s B r  and C s I  have been c a l c u l a t e d  and a r e  l i s t e d  i n  T a b l e . 3 .  
& .  

d;S '' 

- 
. , 

. . . . 
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1. 

bet&en n e a r e s t  neighbors  a t  ;heir  eq;il ibriuru s e p a r a t i o n  of r and mf ( r  ) i s  
0 0 

- t h e  r a t e  of change of m(r ) with  l a t t i c e  spac ing .  ~ i t s k e v i c h , ( * ~ )  and Lovndes 
0 

a n d . ~ a r t i n ( ~ )  have poin ted  o u t  t h a t  t h e  d i s t o r t i o n  d i p o l e  moment i n  those  
. . - 

. - a l k a l i  h a l i d e s  c r y s t a l l i z i n g  i n  t h e  N a C l  s t r u c t u r e  con ta ins  a c o n t r i b u t i o n  

a r i s i n g  from shor t - r ange  Coulomb i n t e r a c t i o n s  between the  hexadecapole moxents 

of an  ion  and the  monopole moments of i t s  immediate neighbors ,  a s  we l l  a s  t h e  

more e s t a b l i s h e d  c o n t r i b u t i o n  from the  sho r t - r ange  r e p u l s i v e  f o r c e s .  I t  i s  ' - 

found t h a t  (2y23)  the t o t a l  va lue  of  m(r) i s  c l o s e i y  descr ibed  .by t h e  form 
I 

- r / p  m(r) = A e  ,- 
- - -- 





1 

, . 
3.5-18 

-118- - 

I .  

ca lc 'u la t ion  01 A$ were taken from t h e  l i t e r a t u r e .  (27-31) A comparison of t he  

A 
magnitudes of AwL (290) r e v e a l s  t h a t  a s  we move from t h e  heav ie r  Rb h a l i d e s  t o  

- .  t h e l i g h t e r  L i  h a l i d e s  t h e  magnitude of  t h e  s e l f - e n e r g y  s h i f t  dec reases  s i g n i f -  
I . 

S c a n t l y .  I n  t h e  c a s e  of t he  Rb and ~ ' h a l i d e s ,  f o r  example, t h e  s e l f - ene rgy  
. . 

s h i f t  s t r o n g l y  dominates t h e  s h i f t  due t o  thermal expansion,  w h i l s t  t h e  r e v e r s e  

E . .is t r u e  f o r  t h e  Na and L i  h a l i d e s .  I n  t h e  C s  h a l i d e s  t h e  A% (290) a l s o  dom- , . 
( .  - - 

A 
i n a t e s  t h e  A u i  (290) b u t  noir t h e s e  q u a n t i t i e s  a r e  opposed i n  s i g n  u n l i k e  t h e  

. r e s u l t s  f o r  t h e  o t h e r  a l k a l i  h a l i d e s .  The c a l c u l a t i o n s  show a  r e v e r s a l  i n  t h e  
\ 

sign o f  t he  ~4 f o r  t h e  C s  h a l i d e s  a t ' t e m p e r a t u r e s  below 200'~. S i m i l a ~ l y  
- - 

A i 

t h e  c a l c u l a t i o n s  show t h e  Am f o r  t h e  Na s a l t s  t o  be d e c r e a s i n g  wi th  i n c r e a s i n g  
. . 

L 

.- t empera turk  s o  t h a t  t he  p o s s i b i l i t y  e x i s t s  t h a t  t h e r e  could be a  change i n  

. . A 0 
s i g n  f o r  t h e s e  s a l t s  f o r  t h e  A% a t  tempera tures  h i g h e r  t han  290 K. However, 

because of  t h e  approximations made i n  t h e  c a l c u l a t i o n s  of  y and because of 
L 

. . 

I t h e  exper imenta l  u n c e r t a i n t i e s  i n  t h e  v a r i o u s  q u a n t i t i e s  used i n  t h e s e  c a l -  
-- 

A c u l a t i o n s ,  t he  sma l l  magnitudes of Auk (290) determined h e r e  f o r  LiF, NaF, 

. .: NaCl and C s C l  do n o t  d e c i s i v e l y  dec ide  ' t h e  s i g n  o f  A A (290) f o r  t h e s e  
*- "?. 

s a l t s ;  f o r  t h e  same reasons  t h e  c a l c u l a t i o n s  do no t  c o n c l u s i v e l y  i n d i c a t e  t h a t  

- -- . a ' r e v e r s a l  o f  s i g n  f o r  A$ does t ake  p l a c e  f o r  t h e  Cs o r  Na s a l t s .  

A 
. A number o f  au tho r s  have deduced expres s ions  f o r  A t  by p e r t u r b a t i o n  

.. . . - 
. . - *eory A (see review by C ~ r u l e ~ ' ~ ~ ) ) .  Maradudin and F e i n  '33) have .ca lcu la ted  t h e  

e f f e c t  of cubic  anharmonici ty  t o  second o r d e r  and of  q u a r t i c  a n h a r m o ~ i c i t y  t o  

f i r s t  o r d e r  i n  p e r t u r b a t i o n  theory  and they  o b t a i n  an  expres s ion  f o r  A $ o f  . 

18 
2  n + n  4 n  + n 2 + 1  

A $ = + -  I v C ; :  i :  , 2  + 1 
. t r2  w 4cu +y W 1 + C U  

5 1 9 2 j l j 2  
2 - C " Z  

*&\ 

t-l - nl 2 n2 - n  
4- 4 

Wl - W2 -1- WL " - W 
' O O 91 m91)[2n1 + 11 1-5 1 v c  

1 2 - ‘ " L  L jl jl 
91ff .. 

(24) 

. . - .  . - 
- - 



fo r  t h e  occupat ion number 
. . 

of t h e  phonon mode and ml = m(q -1 j 1 ) i s  i t s  f requency.  The V c o e f f i c i e n t s  

: . d e r i v e  from the  l a t t i c e  p o t e n t i a l  energy of deformat ion  a t  c o n s t a n t  volume, 

A ,  '. expanded i n  terms of t h e  normal p h o n ~ n  coord ina t e s .  Equat ion  (24) shows A t  
I 

t o  be t h e  sum of a  p o s i t i v e  term r e l a t e d  t o  t h e  c u b i c  te rm i n  V and a  t e r m '  

which d e r i v e s  from the q u a r t i c  term i n  V which may b e  nega t ive .  The nega t ive  . 

A 0 
v a l u e s  found f o r  A t  a t  290 K f o r  t h e  C s  h a l i d e s  would seem t o  i n d i c a t e  t h a t  ' 

t h e  q u a r t i c  c o n t r i b u t i o n  i s  indeed nega t ive  and t h a t  i n  t h e s e  c a s e s  t h i s  
\ 

.&A 
dominates t h e  c o n t r i b u t i o n  from t h e  cub ic  term. The s m a l l  va lues  of AwL (290) 

- - -  
- L 

.determined f o r  t h e  L i  and Na h a l i d e s  s u g g e s t ' t h a t -  t h e r e  i s  a  near  c a n c e l l a t i o n  

0 . of ;he cub'ic and q u a r t i c  terms i n  V at_ 290 K w h i l s t  t h e  r e l a t i v e l y  l a r g e  

p o s i t i v e  va lues  of bwA L (290) determined f o r  t h e  K and i b  s a l t s  c l e a r l y  

A - i n d i c a t e  t h a t  t h e  cubic  terms i n  V provide  the  dominant c o n t r i b u t i o n  t o  Auk 

£0; t h e s e  s a l t s .  The r eason  f o r  t h e  dominance i n  b A o f  t h e  con tg ibu t ions  "L 
from q u a r t i c  terms i n  V f o r  c ~ m ~ o u n d s ~ ~ o h i c h  have t h e  C s C l  s t r u c t u r e  i s  n o t  

. - 
- . c l e a r .  Bosman and Havinga have suggested t h a t  t h e  c u b i c  terms could be  o f -  

reduced s i g n i f i c a n c e  i n  a CsCl s t r u c t u r e  because t h e  h i g h e r  coordi.nation 

-- .number reduces  t h e  e f f e c t  of f l u c t u a t i o n s  ainong t h e  p a i r s  of  bonds formed by 
-6 . * 

. * 

an i o n  w i t h  i t s  ne ighbors .  (31+) 
- 

A -. . I t  i s  worth-not ing t h a t  Aw (0) i s  n o t  z e r o  because  anharmonic 
< L . . 

c o n t r i b u t i o n s  e x i s t  i n  t h e  presence  of zero p o i n t  f l u c t u a t i o n s .  However, 

A 
e x t r a p o l a t i o n s  of  t he  d a t a  i n  Tab le s  1 and 4 sugges t  t h a t  the  A t ( 0 )  a r e  not  

A 
much l a r g e r  t han  1% of % ( O )  Th i s  nea r  zero  ya lue  of  Ar. -k (0) may i n  f a c t  be 

- 
t h e  r ea son  why t h e  observed va lues  of  %(5) a r e  n e a r l y  always 1-2% lower than  

. 

t h e  v a l u e s  c a l c u l a t e d  from t h e  EST r e l a t i o n .  . 'x-. 
, , 

The gene ra l  formula f o r  t he  i n v e r s e  L i f e t ime  g iven  by Maradudin and 

- Fe in  ( 3 3 )  can  be rkduced t o  d e s c r i b e  t h e  one phon'sn main t r a n s i t i o n  i n  t h e  

,. . . . - - .  . . - .  
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, , 

9 

v i c i n i t y  of w a s  a  damped Lorentz ian  resonance wi th  a  damping parameter r = .  L 

g iven  by . . 

l 8 n  O q1 q %  
2 

S 
. r ~ . =  - n2 1 IV (L . . ) 1 [(nl + n2 f 1)6  + (n2 - nl) hD] (25) 

J1 J2 $ 

,; 92%lj , j ,  
4 

. . 
I 

S D 
where 6 and 6 a r e  Dirac  6 func t ions  which a r e  ze ro  except  f o r  p a i r s  of modes . 

f o r  which i s  near  (ml + u: ) and (m2 - w ), r e s p e c t i v e l y .  Equation (25) - 
2  

v 1 --. 
r e v e a l s  t h a t  rL # 0 even a t  T = O'K. E x t r a p o l a t i o n s  of t h e  measured temper- 

a t u r e  dependence of  I'L down t o  5 ' ~  confirm t h i s  r e s u l t .  Equat ion (25)-shoirs 

t h a t  t h e  decay of t h e  phonon a t  % i s  p r o p o r t i o n a l  t o  the  two phonon d e n s i t y  
' I  . I .  

. of s t a t e s  a t  a t .  The s t r o n g  a t t e n u a t i o n  a t  f o r  many s a l t s ,  e s p e c i a l l y  f o r  
. . .- -- 

t h e  double peak p r o f i l e s  found i n  NaC1, KC1,  KBr, K I ,  and RbCl a r e  t h e r e f o r e  
. . 

probably  due t o  t h e  presence of  peaks i n  t h e  two phonon d e n s i t y  of s t a t e s  a t  

or  n e a r  t. The e x i s t e n c e  of a  double peak f e a t u r e  near  % f o r  K C 1  and RbCl 

8 a t  5 K imp l i e s  t h a t  t h e s e  a r e  due p r i m a r i l y  t o  two phonon sumnation processes .  
- 

A 
A t e s t  o f  t h e  observed temperature dependence of r ? t  and J? a g a i n s t  

L 

t h e  t h e o r e t i c a l  exp res s ions  i n  Eqs. (24) and (25) would r e q u i r e  the  eva lua t ion  

of e x t e n s i v e  summations over  one and two phonon d e n s i t i e s  of s t a t e s .  Some 
. . -- -- 

, s i m p E i f i c a t i o n  t o  t h e  problem i s  achieved i f  we r e s t r i c t  ou r  i n t e r e s t  t o  tem- 

- -. . p e r a t u r e s  h ighe r  (but not  t o o  h igh)  than  t h e  e f f e c t i v e  Debye temperature f o r  - .  
:. . 

-< the  s a l t s ,  s i n c e  a t  t h e s e  temperatures  t h e  l ead ing  terms i n  expansions of t h e  

. . n ni give a l i n e a r  teiiiperatui-e depeiideiice of both Aeh and rL. More d e t a i l e d  

- seasu remen t s  of t h e  tempera ture  dependence'of % and r under  cons t an t  p re s su re  

and c o n s t a n t  volume a r e  c u r r e n t l y  being made t o  tempera tures  we l l  above t h e  

c h a r a c t e r i s t i c  Debye temperatu;es of t h e s e  s a l t s  i n  o r d e r  t o  t e s t  t h e s e  p re -  
, 

E " ' A  
d i c t i o n s .  However, i t  i s  of i n t e r e s t  t o  compare t h e  v a l u e s  of Auk and AUJ, 

-i 

presen ted  here  w i t h  the  s h e l l  model c a l c u l a t i o n s  made by Cowley (35) f o r  K B r .  
$'? : 

Table  5 shoigs t h a t  w h i l s t  t h e  o v e r a l l  temperature dependence of % f o r  KB; i s  



E ' A  
i n  g'ood agreement ,  t h e  @% and Am o b t a i n e d  from the p r e s e n t  work v a r y  more L . . 



The measurement of the temperature and pressure dependence of 



16. G. Raun io ,  L.  A lmqv i s t  and R .  S tedman,  Phys. Rev. - 1 7 8 ,  1496  ( 1 9 6 9 ) .  . . 
17. R. Loudon,  Advances i n  P h y s i c s  Lfi, 423 ( 1 9 6 4 ) .  
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J FIGURE CAPTIOKS 
----- 

The f a r  i n f r a r e d  h i g h  p r e s s u r e  c e l l .  A ,  c e l l  body; F i g u r e  1 

B,window p l u g s ;  C ,  specimen changer ;  D ,  specimen h o l d e r ;  

i 
, E ,  window mount; F ,  c r y s t a l  q u a r t z  window; G,  h i g h  

- 
'1 i 
'\ / p r e s s u r e  t r a n s m i s s i o n  l i n e  i n l e t .  

.\ . - 
F i g u r e  2 The t e m p e r a t u r e  dependence o f  t h e  r e f l e c t a n c e  and d i e l e c t r i c  

- 
f u n c t i o n s  W E "  and - f o r  a )  K B r ,  b )  RbI ,  c )  C s I ,  d)  T1Br. 

F w 
2 0 

@ a  5 K,  OLO 80°K, L A  290°K, x----x 4 0 0 ~ ~ .  

-3 I _ _ 

F i g u r e  3 The measured p r e s s u r e  dependence o f  % f o r  RbI and CsI. 
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3.6 Silicon Monoxide Bands in Some Low-Temperature Stars 

J. H. Fertel 



SILICON PIOnT0SII)E BANDS IN SOME LOW-TEMPERATURE STARS 

Jeanne W. Fertel 

Research Laboratory of Electronics, Massachusetts Institute of Technology 
and 

Solid State Spectroscopy Laboratory, Physics Department, Northeastern University 

Several bands which appear in the near infra-red spectra  of cool. s t a r s  

may be due to SiO, 

-. 
McCam,n.on, Munch, anti Neugebat~er (1967) reported that the spectra  

of many lo~ir- tei i~perature s t a r s  shovr two shallo~v absorption features a t  

approxiniately 2,, 11 and 2. 16 p,, ~vhicll had not been identified. These 

features a r e  strongest in the spectra of late N-type s ta r s .  

We suggest that this absorption be a,ssigned to the R-heads of the 

AV = 4 rotation-vibration bands of silicon monoxide. This molecule js 

predicted by cheirlical equilibrium calculatioils to be the most abruldai~t 

of the heavier molecules in the atmospheres of cool s t a r s  (Morris  and 

Wyller 1967). In addition, the SiO absorption bands should be enhanced 

over those of ljghter nrolecules of sinrilar abundance because of their 

denser rotational structure. SLC ha3 al-eady been idcn tified in ',he spccirum 

of 119 Tau (Iinacke et al, 1969) where i t s  funda-mental rotation-vibration 

band is observed at 8 .2  p. 

More recent cool- s t a r  spectra at  higher resolution (approximately 
-1 

8 cm ) have been published by Joh~lson et al. (1968), and show many 

more  features attributable to SiO, The spectra  of x Cyg and Y CVn, 

shown jn Fig, 1, were recorded with a Block Engineering Michelson 

interferometer placed at the Cassegrainian focus of a 6 0" alunlinu7rr-= 

m i r r o r  telescope, and a r e  corrected for atmospheric exiiirciioll a s  

described else-\vhere (Jolmson e t  al. 1968). P a r t s  of the A v  = 4, 5, and 

6 S ~ O  Sand sequences a r e  expected to occur hi this wave-number regjon. 

The positions of the band heads have been calcu1.ated and those that 



coil~cide wit11 obse~:!-vecl 11:ii-j.cis a r e  indica-tect in  Fig. 1. Several. of the 

o thers  a r e  131-eciic-tcd to occur i11 thc: 3-1 2 O region or  on lop of CO a.nd C 2 ,  

, bands and a r e  therefore unobser-iraisl.e, 

I tsro~ild I.ilie to  tila.11k Professors  LVjl.l.in~x K, Rose a.ncl Herbert  lTJ0 

Sckfi3opper of the Zri. I. T. Center f o r  Space Research and llr. Harold La  

Joluison of ihe Lunar and 131.anel:ary Lal,oratory of the Ui~i.versitg of 

Arizona f o r  kindly providing me tvith the sgecirurn of x Cyg before i t s  

publ.icatioi~. To  Dr. Johnson I 2.m also indebted for  the use of hj.s te1.e-a 

scope and illiel.feromeier, and I a111 grateful to  L ~ v r r c n c e  h'Iertz of the 

Smithsonian Astrophysical Obse rvatory, Cambriclge, ahass. , f o r  h i s  

ve ry  helpful djscussions aid suggertioils. P a r t  of this  work was done 

whde the author was with the Cosmic Ray Group a t  the M. I. T, CenieT 

fo r  Space Research,  
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Fig. 1, Near jilfral-cd specira of x Cyg and Y CVn, The SiO roiati.on.- 

vibration I.ines are indicaiecl by vertical bars, 





3 . 7  The Raman S p e c t r a  of t h e  A l k a l i  H a l i d e s  and Some of 

T h e i r  Mixed Crystal :? 

J .  H. F e r t e l  and C .  H .  P e r r y  



The Raman s p e c t r a  of room tempera tu re  KC1 Br (wi th  x  = 0 ,  - 0 8 ,  
1-x x 

- 1 
.25 ,  .5 ,  - 7 5 ,  .92 and 1 . 0 )  have been observed from 30-400 cm f requency  

s h i f t  from t h e  e x c i t i n g  l i n e .  S e v e r a l  p r e v i o u s  workers  have measured and 

ana lyzed  t h e  K B r  spec t rum i n  c o n s i d e r a b l e  de.tai.1 and t h e i r  exper imenta l  

r e s u l t s  a r e  i n  q u a l i t a t i v e  agreement w i t h  o u r s .  The K C 1  spec t rum h a s  been 

r e p o r t e d  by Stakhanov and E l i a s h b e r g ,  who a l s o ' o b s e r v e d  t h e  Raman s p e c t r a  o f  

-. 
KC1 Br w i t h  x  = . 2 ,  . 4 ,  and .8 .  T h e i r  r e s u l t s  do n o t  a g r e e  w i t h  o u r s  and 

1-x x 

a r e  c o n s i d e r a b l y  l e s s  d e t a i l e d ,  and no a t t e m p t  i s  made t o  a n a l y z e  t h e  d a t a .  

The Raman spec t rum of K C 1  B r  f o r  v a r i o u s  v a l u e s  o f  x  a r e  shown 
1-x x  

i n  F i g .  1. The r e l a t i v e  i n t e n s i t y  o f  a l l  t h e  g raphs  i s  l i n e a r ,  b u t  t h e y  

have been s l i g h t l y  s h i f t e d  f o r  optimum d i s p l a y .  The s c a l e  f o r  t h e  s p e c t r a  

f o r  which x  I .25 i s  t w i c e  t h a t  of t h e  o t h e r s .  The r e s o l u t i o n  i s  approx imate ly  

- 1 7 cm i n  a l l  c a s e s ,  and t h e  peak p o s i t i o n s  can be reproduced t o  w i t h i n  

- 1 
5 cm . 

The observed f r e q u e n c i e s  t o g e t h e r  w i t h  t h e  ass ignments  from t h i s  

work a r e  t a b u l a t e d  i n  T a b l e  1. The s p e c t r a  o f  t h e  end members have been 

a s s i g n e d  a s  d e s c r i b e d  above and our  i n t e r p r e t a t i o n  o f  t h e  KBr spec t rum i s  

r o u g h l y  t h e  same a s  t h a t  o f  B u r s t e i n  e t  a l .  The ass ignments  f o r  t h e  i n t e r -  

media te  v a l u e s  o f  x  were made by comparison,  i . e . ,  i t  was expec ted  t h a t  t h e  

peaks  i n  t h e  K C 1  spec t rum would vary  smoothly i n t o  t h e  K B r  peaks  a s  x  was 

i n c r e a s e d .  T h i s  requ i rement  enabled t h e  e l i m i n a t i o n  o f  many p o s s i b l e  com- 

- 1 
b i n a t - i o n s .  For i n s t a n c e ,  t h e  K C 1  band a t  292 cm could a l s o  have been 

i d e n t i f i e d  w i t h  t h e  o v e r t o n e  2LA(L) (which i s  p r e d i c t e d  t o  occur  a t  about  

- 1 - 1 
302 cm ) The v a l u e  of t h e  f requency  of t h i s  o v e r t o n e  i n  K B r  i s  186 cm . 

It c a n  be  seen  however t h a t  t h e r e  i s  no peak i n  t h e  K B r  spec t rum a t  t h i s  
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- 1 
f requency  and t h a t ,  i n  f a c t ,  t h e  K C 1  band a t  292 cm goes smoothly i n t o  t h e  

- 1 
236.5 cm band of K B r ,  a s  x i.s i n c r e a s e d .  Thus t h i s  p a r t i c u l a r  ass ignment  

i s  r u l e d  o u t .  

It shou ld  be noted t h a t  t h e  combinat ions  TO-TA(A), LO-TA(b), and 

LO-TA(X), and t h e  o v e r t o n e  2TA(x) a l l  have roughly  t h e  same frequency i n  K B r ,  

a l t h o u g h  t h e  2TA(X) f requency  i s  s e p a r a t e d  from t h e  o t h e r s  i s  K C 1 ,  g i v i n g  

r i s e  t o  two peaks  a t  x = 0. These two peaks  can. be s e e n  t o  s lowly  converge 

a s  x i3 i n c r e a s e d ,  merging i n t o  one when x = . 9 2 .  It i s  n o t  c l e a r  however 

whether  t h e  2TA(x) o v e r t o n e  i n  t h e  x = .75  c r y s t a l  i s  r e p r e s e n t e d  by t h e  peak 

- 1 - 1 
a t  96 cm o r  t h a t  a t  114 cm . 

S i m i l a r l y  t h e  LA+TA(A) combinat ion and t h e  2TA(L) o v e r t o n e  a r e  9 

- 1 
s p l i t  o n l y  a t  t h e  x = 1 end o f  t h e  combinat ion r a n g e .  The 224 cm band of 

t h e  x = .75  sample i s  t a k e n  t o  be an  unreso lved  combinat ion of t h e  band due 

- 1 
t o  2TO(X), LWTO(A), and 2TO(A) (which appears  a t  236.5 cm i n  KBr) and t h e  

LM-LA(@ band (which a p p e a r s  a t  215 cm-I i n  KBr) . T h i s  last-named band i s  

n o t  observed ' in  t h e  c r y s t a l s  f o r  which x < . 75 .  

The Raman spectrum of  K C 1  . OaBr. 92 
has  p r e v i o u s l y  been r e p o r t e d  by 

- 1 
M u r r a l l ,  P o r t o ,  Damen, and Mascarenhas.  They a s s i g n  t h e  band a t  134 cm t o  

a  f i r s t  o r d e r  i m p u r i t y  mode, t r e a t i n g  t h e  ~ 1 -  i o n s  a s  n o n - i n t e r a c t i n g  p o i n t  

d e f e c t s .  The s p e c t r a  p r e s e n t e d  h e r e  do n o t  suppor t  t h i s  c o n c l u s i o n  however, 

a s  t h e  134 cm-L band i s  o f  t h e  same o r d e r  of magnitude a s  t h e  o t h e r  (second 

o r d e r )  bands .  I n  any c a s e ,  8 mole p e r c e n t  K C 1  i s  a  r a t h e r  l a r g e  amount t o  

be c o n s i d e r c d  a s  a  p o i n t  i m p u r i t y .  
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3.8 Electric Field-Induced Birefringence in Diamond 

E . Anastassakis 



T h i s  work, i n i t i a t e d  a t  t h e  U n i v e r s i t y  o f  Pennsy lvan ia  (1968) 

and conlpleted a t  t h e  N o r t h e a s t e r n  U n i v e r s i t y  (1969) under  t h e  p a r t i a l  s u p p o r t  

o f  NASA, d e a l s  w i t h  q u a d r a t i c  f i e l d - i n d u c e d  b i r e f r i n g e n c e  i n  diamond-type 

c r y s t a l s .  T h i s  e f f e c t  a r i s e s  from a  second o r d e r  e l e c t r o - o p t i c  e f f e c t  ( t r u e  

e f f e c t ) ,  and a n  e l e c t r o s t r i c t i o n  ( f a l s e  e f f e c t ) .  A s imple  t echn ique  was 

s u c c e s s f u l l y  a p p l i e d  f o r  d i r e c t  measurements of t h e  r e t a r d a t i o n  between a n  

"ord inary"  and a n  " e x t r a o r d i n a r y "  wave emerging from t h e  c r y s t a l .  It was 

observed t h a t  t h e  p a r t i c u l a r  diamond sample t h a t  we used i n  t h i s  exper iment ,  

e x h i b i t e d  a  r e s i d u a l  b i r e f r i n g e n c e ,  due t o  an  e s t i m a t e d  average  r e s i d u a l  

- 5 
s t r a i n  o f  - 1 0  . The e x p e r i m e n t a l  measurements r e v e a l e d  t h e  e x i s t e n c e  o f  a  

l i n e a r  e f f e c t ,  r e l a t e d  t o  t h e  h i s t o r y  o f  t h e  sample th rough  i t s  i m p e r f e c t i o n s ,  

e . g . ,  r e s i d u a l  s t r a i n s ,  i m p u r i t y ,  e t c .  The l i n e a r  and n o n l i n e a r  e f f e c t s  were 

s e p a r a t e d  and a  numer ica l  v a l u e  f o r  one of  t h e  n o n l i n e a r  e l e c t r o - o p t i c a l  

c o e f f i c i e n t s  was found t o  be  e q u a l  t o  I Z : ~ ~ ~  ( 8  x 10 
- 1 8  ('bj2 . It t u r n e d  

o u t  t h a t  t h e  " f a l s e "  e f f e c t  d i d  n o t  exceed 1% o f  t h e  " t r u e "  e f f e c t ,  and t h a t  

t h e  r e l a t i v e  change o f  t h e  d i e l e c t r i c  c o n s t a n t  o f  a n  i d e a l  n o n - b i r e f r i n g e n t  

diamond c r y s t a l .  w i t h  a s t a t i c  e l e c t r i c  f i e l d  i n  second o r d e r ,  i s  of  t h e  o r d e r  

of l o m 6  f o r  an  a p p l i e d  f i e l d  o f  2  x  l o5  V/cm. 



The r e s u l t s  p r e s e n t e d  i n  t h i s  r e p o r t  i n d i c a t e  t h a t  t h e  m a j o r i t y  o f  

o b j e c t i v e s  were accomplished and t h e  r e s u l t s  have been i n t e r p r e t e d  i n  a  

s a t i s f a c t o r y  manner. There  remains ,  however, a  c o n s i d e r a b l e  number of un- 

answered q u e s t i o n s ,  b o t h  e x p e r i m e n t a l  and t h e o r e t i c a l  and i t .  i s  hoped t h a t  

t h i s  work w i l l  c o n t i n u e  w i t h  t h e  a p p r o p r i a t e  f i n a n c i a l  s u p p o r t .  The r e s c i n d i n g  

o f  t h e  con t inued  s u p p o r t  f o r  t h i s  work a t  t h e  c u r r e n t  l e v e l  due t o  t h e  c l o s i n g  

o f  t h e ' ~ 1 e c t r o n i c s  Research  Cente r  i s  u n z o r t u n a t e .  It would be hoped t h a t  

w h i l e  t h i s  g r a n t  i s  a p p a r e n t l y  going i n t o  a  s t e p - f u n d i n g  phase  some o t h e r  

i n t e r e s t e d  p a r t i e s  w i t h i n  t h e  NASA o r g a n i z a t i o n  would a p p r e c i a t e  t h e  e x t e n t  

o f  t h e  work and e f f o r t  t h a t  h a s  gone i n t o  t h e  program s o  f a r  and t h e  l a r g e  

amount o f  d a t a  and r e s u l t s  t h a t  have been produced.  Consequent ly ,  i t  would 

be h i g h l y  d e s i r a b l e  f o r  t h i s  program t o  b e  r e i n s t a t e d  s o  t h a t  t h e  p e r s o n n e l  

invo lved  could  c o n t i n u e  and t h a t  t h e  work would proceed w i t h  t h e  same momentum, 

T h i s  group c o n s i s t i n g  o f  P r o f e s s o r s  P e r r y ,  Lowndes and A n a s t a s s a k i s  

have many i d e a s  on t h e  s p e c t r o s c o p i c  i n v e s t i g a t i o n  o f  m a t e r i a l s  e x h i b i t i n g  

p r o p e r t i e s  such  a s  f e r r o e l e c t r i c i t y ,  p i e z o e l e c t r i c i t y ,  an t i fe r ro rnagne t i sm,  

n o n l i n e a r  e f f e c t s ,  c r y s t a l l i n e  Starlc e f f e c t s ,  Zeeman s p l i t t i n g  and e l e c t r o -  

and magneto-opt ic  e f f e c t s  and morphic e f f e c t s .  The s t u d y  of t h e s e  e f f e c t s  

under t h e  i n f l u e n c e  oE t e m p e r a t u r e ,  p r e s s u r e ,  e l e c t r i c  and magne t ic  f i e l d s ,  

e t c . ,  a r e  o f , b a s i c  s c i e n t i f i c  i n t e r e s t  a s  w e l l  a s  d i s c l o s i n g  u s e f u l  d a t a  f o r  

p r e d i c t i n g  g e n e r a l  e n g i n e e r i n g  a p p l i c a t i o n s .  Consequen t ly ,  i t  i s  t o  t h i s  end 

t h a t  we b e l i e v e  t h a t  t h e s e  measurements shou ld  be con t inued  i n  t h e  f u t u r e .  

T h i s  work i s  a l s o  ex t remely  germane t o  t h e  c o n t i n u a t i o n  o f  our 

g r a d u a t e  r e s e a r c h  program i n  t h i s  a r e a .  
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